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ABSTRACT 
After decades of exploration, the martian neutral hydrogen exosphere has remained 
poorly characterized. The first measurements of this layer by Mariner 6 and 7 revealed it 
to be optically thick in Lyman α emission, along with a characteristic temperature that 
was higher than the majority of the collisional atmosphere of Mars. Further exploration 
revealed that the hydrogen in the martian exosphere was formed from photodissociation 
of water vapor by solar UV light, and that its escape can be directly linked to the escape 
of water from Mars. Theoretical analysis of hydrogen transport in the martian atmosphere 
suggested a steady escape rate limited by diffusion of hydrogen through the martian 
atmosphere. Subsequent missions to Mars provided a wide range of values for the 
temperature and density of hydrogen at Mars. It is important to determine the properties 
of the martian hydrogen exosphere in order to constrain the escape flux, which can then 
be used to calculate the total amount of water lost by Mars during its evolutionary 
history. 
 In this dissertation the characteristics of the martian hydrogen exosphere are 
constrained using data from the Hubble Space Telescope (HST). HST observations of 
	  	   vii	  
this layer reveal short-term seasonal changes, thereby disproving the theory of constant 
escape rate for H from Mars. Analysis of these datasets using a radiative transfer model 
constructed at Boston University revealed a large seasonal variation in the hydrogen 
escape flux, making it difficult to easily backtrack the martian water loss history. Results 
also indicate the possible presence of a superthermal population created by non-thermal 
processes at Mars. Exploration of the latitudinal symmetry of the martian exosphere 
indicates that it is symmetric above 2.5 martian radii and asymmetric below this altitude, 
which could be due to temperature differences between the day and night side. Finally, 
there are large uncertainties in determining the characteristics of the martian exosphere 
after decades of exploration, due to various assumptions about the intrinsic characteristics 
of the martian exosphere in the modeling process, degeneracy in the two modeling 
parameters for hydrogen -i.e. its temperature and density, unaccounted seasonal effects 
and uncertainties introduced from spacecraft instrumentation and viewing geometry.  
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1. INTRODUCTION 
This thesis investigates the escape of hydrogen from the exosphere of Mars 
through modeling and observations in order to provide a better understanding of the 
martian water escape history throughout the course of its evolution. Hubble Space 
Telescope observations of the martian hydrogen exosphere in the far ultraviolet were 
analyzed in an attempt to constrain the properties of this layer and determine the escape 
flux of atomic H, which in turn is directly related to the escape of water from Mars. Both 
the data and the analysis process is presented in this thesis, along with the advances made 
towards understanding aspects of the martian exosphere pertaining to seasonal changes 
incurred by the red planet [Clarke et al., 2014; Bhattacharyya et al., 2015].  
 The first section of chapter 1 defines the exosphere as well as its characteristics 
in terms of solar system bodies that provide perspective about the martian exosphere. 
This is followed by a description of the martian exosphere, including its formation and 
properties. The next section details all the earlier studies conducted on the exosphere of 
Mars and therefore its known characteristics, which puts into context the work done in 
this thesis. The chapter concludes with the motivation behind this work, and its 
contribution towards understanding the problem of water escape from Mars.    
1.1 Exosphere 
 The exosphere is a very tenuous layer of the atmosphere surrounding a planetary 
body with constituents that are gravitationally bound to the parent body. Due to the 
extremely low gas densities in this region, the atomic and molecular species which 
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constitute this layer do not collide with each other, i.e. this layer is collisionless. The 
exosphere can be divided into two broad categories in terms of different planetary bodies: 
1) Objects with extremely thin atmospheres and 2) Objects with collisionally thick 
atmospheres. For bodies with collisionally thick atmospheres like the Earth, Venus, Mars, 
Titan, and the gas giants the exosphere forms the uppermost layer of the atmosphere and 
generally contains the lightest atmospheric gases. For bodies with almost no atmosphere, 
like the Moon, Mercury, and Ganymede, the exosphere starts very close to the surface 
and is known as a surface bound exosphere. For these objects the exospheric particles 
interact with the surface resulting in a slew of processes governing the physics of these 
systems.  
 The lower boundary between the exosphere and the rest of the atmosphere is 
called the “exobase”. At this imaginary boundary the mean free path of a species equals 
the density scale height of the atmosphere, i.e. the atmosphere is rendered collisionless 
above this altitude, allowing the escape of upward moving gases if they contain sufficient 
energy to overcome the planet’s gravity. For bodies with surface bound exospheres, the 
altitude of the exobase starts effectively from their surface. There is no clear upper 
boundary for this layer of atmosphere, and it is considered to gradually taper out and 
merge with interplanetary space. 
 1.1.1 Why Should We Study Exospheres? 
 Gases are continuously escaping from the collisionless exospheres of these 
planetary bodies through two types of mechanisms: i) thermal escape and ii) non-thermal 
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escape as discussed below. This escape results in the steady depletion of planetary 
atmospheres unless they are regenerated via outgassing from below the surface. 
Understanding the influence of various thermal and non-thermal mechanisms on the 
exospheres of planets is paramount towards characterizing atmospheric escape, which in 
turn will lead to a better understanding of their evolution history of these bodies. 
Thermal escape mechanism: This mechanism generally involves the escape of gases from 
planetary atmospheres via thermal processes, like Jeans escape, and refers to the slow 
evaporation of the high-energy tail of the Maxwell-Boltzmann velocity distribution of 
atoms. This mechanism is the predominant means of escape for light gases like hydrogen 
and helium from all objects with a thick collisionally dominated atmosphere [Hunten, 
1973, 1982]. Heavier atoms or molecules find it difficult to achieve enough energy to 
escape the gravitational potential of planets, and this probability decreases further with 
increase in planetary mass. For these species non-thermal processes drive their escape 
[Hunten, 1973, 1982; Chamberlain, 1963]. 
Non-Thermal escape mechanism: This is the dominant mechanism driving escape of 
atmospheric constituents in objects with extremely thin atmospheres, as well as for 
heavier species from objects with thicker collisionally dominated atmospheres. This type 
of escape refers to the energization of exospheric species through collisions with 
energetic species, producing an exospheric product sometimes with enough energy to 
escape the gravity of the parent planet [Shizgal and Arkos, 1996]. Some non-thermal 
processes in planetary exospheres are due to interactions with the solar wind, while others 
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are caused by energetic ions and electrons in the local environment of planetary bodies. 
Some of these processes have been described in the upcoming paragraphs. 
 Non-thermal processes arising from interactions with the solar wind include 
charge exchange with solar wind protons, ion outflow, and atmospheric sputtering. 
Charge exchange is the interaction of solar wind protons with neutrals or negatively 
charged ions in the planetary atmospheres, which results in the formation of energetic 
neutral atoms (ENAs). These ENAs then cascade down into the exosphere, interacting 
with other atoms and depositing energy producing an energetic population of atmospheric 
species, which could escape the planet [Hunten, 1982; Johnson, 1992, Jakosky et al., 
1994]. Ion outflow involves the acceleration of ions in the atmosphere by the solar wind 
convection electric field resulting in their escape [Hunten, 1982]. Atmospheric sputtering 
involves the escape of atmospheric species following impacts with energetic solar wind 
particles [Hunten, 1982; Johnson, 1994].   
 The non-thermal escape processes that involve interactions within the planetary 
body’s atmosphere include dissociative recombination, and chemical reactions. 
Dissociative recombination involves the recombination of a positive atom or molecule 
with an electron to produce a neutral species in which the residual energy consists of 
kinetic energy, producing energetic neutral atoms [McElroy et al., 1982; Rodriguez et al., 
1984]. Several chemical reactions between exospheric and ionospheric species in the 
collisionless regime of the exosphere can result in the formation of high-energy atoms or 
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molecules, which contribute to atmospheric escape [Hunten and Strobel, 1974; Liu and 
Donahue, 1974b; Lichtenegger et al., 2004]. 
 For objects with surface bound exospheres, several other non-thermal escape 
mechanisms come into effect due to interactions with the surface. Some of these 
processes include photo-ionization, meteoroid volatilization, surface sputtering, thermal 
desorption and photon stimulated desorption [Hunten et al., 1988; Morgan and Stern, 
1991; Killen et al., 2007; Plainaki et al., 2015]. Photoionization involves solar photon 
ionization of atoms or molecules, which also imparts energy to the resulting ion. 
Meteoroid volatilization involves the evaporation of surface products through meteoroid 
impacts, and is a dominant mechanism of creating and sustaining exospheres of objects 
with no atmospheric cover. The kinetic energy from the impact is imparted into the 
vaporized surface products, which sometimes have enough energy to escape the 
gravitational potential of the planet. A similar process happens with escape via surface 
sputtering, in which surface atoms or molecules are knocked off by high-energy solar 
wind ion impacts and/or local plasma in the environment. Thermal desorption involves 
the vaporization of surface materials through the application of thermal energy, whereas 
photon desorption happens through the application of photon energy. The last two are 
highly active at Mercury on account of its short distance from the Sun. 
1.1.2 Exospheres of Solar System Bodies with Tenuous Atmospheres 
The exospheres of solar system objects with a tenuous atmosphere display similar 
characteristics. Objects like the planet Mercury, the Moon, and the Galilean satellites 
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Europa, Ganymede, and Callisto have extremely thin exospheres. These are mostly made 
up of species from the planetary crust through various surface interaction processes like 
sputtering, micro-meteor impacts, and thermal evaporation. Materials from Mercury’s 
surface containing sodium, potassium and calcium ejected by non-thermal processes form 
its exosphere along with atomic hydrogen (two component population: cold and hot 
component), helium and atomic oxygen [Hunten et al., 1988; Shemansky and Broadfoot, 
1977; McClintock et al., 2008, 2009; Killen et al., 2007; Schmidt et al., 2010, 2012]. 
Mercury has an observed sodium tail extending up to ~1000 RM in the anti-solar direction 
from solar radiation pressure [Potter et al., 2002].    
The Moon at ~1 AU also has an exosphere entirely constructed from species 
detached from its crust through solar wind interaction processes and outgassing from 
within the crust and mantle. However, these processes are not as dominant like Mercury, 
which is at 0.39 AU from the Sun. The Moon also has a sodium tail consisting of 
escaping high-energy sodium atoms generated by photon-simulated desorption, solar 
wind sputtering, and meteoroid impact [Matta et al., 2009]. Other elements present in the 
lunar exosphere include Ca, Si, Al, Fe, Ti, Ba, Li, Rb and Cs, all of which escape via 
non-thermal processes [Flynn and Stern, 1996]. However, it shows a distinct lack of 
either H or O atoms in its exosphere [Hunten and Sprague, 1997]. 
Ganymede, the largest Solar System satellite, has part of its neutral exosphere 
generated through local particle interactions between Jupiter’s magnetospheric plasma 
and the satellite’s icy surface and is strongly constrained by Ganymede’s intrinsic 
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magnetic field [Plainaki et al., 2015]. Its exosphere contains water molecules as well as a 
thermal and superthermal (high energy) populations of oxygen atoms, which are 
sputtered directly from the surface through water dissociation by ions resulting in escape 
of some of these atoms [Plainaki et al., 2015]. Non-thermal processes from solar wind 
and solar photon interactions are negligible due to shielding by Jupiter’s strong magnetic 
field and its large distance from the Sun (~5.5 AU). 
Several other bodies exist in the solar system with surface bound exospheres like 
satellites of the gas giants as well as Pluto, which has continuous atmospheric loss 
actively happening via non-thermal escape processes. This has changed the surface 
composition of most of these bodies over their course of evolution. 
 1.1.3 Exospheres of Solar System Bodies with Thick Atmospheres 
 For objects with thick atmospheres, there are several processes that affect the 
topmost layer, the exosphere, and are completely separate from the rest of the bulk lower 
atmosphere. The exosphere of Venus mainly contains CO2, CO, N2, O, N, H, D, and He 
[Niemann et al., 1980]. An important non-thermal process in the exosphere of Venus is 
the dissociative recombination of O2+ with electrons, resulting in energetic oxygen atoms 
(O2+ + e → O* + O*) [McElroy et al., 1982; Rodriguez et al., 1984]. This hot oxygen 
population was first detected at Venus by the Pioneer Venus Orbiter [Nagy et al., 1981]. 
The same process is also active for hydrogen (OH+ + e → O + H*) and evidence of hot H 
has been discovered at Venus [Kumar et al., 1978; Anderson, 1976; Bertaux et al., 1977; 
Chaufray et al., 2012]. Therefore H atoms escape from Venus via both thermal Jeans 
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escape and non-thermal escape processes. In the absence of an intrinsic magnetic field, 
non-thermal interaction processes with the solar wind are also active at stripping away 
atmospheric constituents from Venus [Luhmann et al., 1992; Gombosi, 1993].  
 Earth by contrast has an intrinsic magnetic field engulfing the planet, thereby 
protecting its atmosphere to a large extent from the Sun’s magnetic field and the highly 
penetrating charged solar wind particles. Therefore most non-thermal processes like 
charge exchange, dissociative recombination, chemical reactions, happen with ions and 
protons of ionospheric and/or plasmaspheric origin. The presence of energetic (hot) 
oxygen atoms in the exosphere of Earth produced by dissociative recombination has been 
verified by measurements of O+ emission [Yee et al., 1980]. Charge exchange between 
exospheric H and plasmaspheric protons (H + H+* → H+ + H*) is considered to be the 
dominant non-thermal process for H escape from Earth [Cole, 1966] along with thermal 
Jeans escape. The presence of hot hydrogen atoms has also been detected at Earth [Liu 
and Donahue, 1974a, 1974b, 1974c; Chamberlain, 1977; Maher and Tinsley, 1977; 
Bishop, 1985]. 
 The Saturnian satellite Titan is another solar system body with a dense 
atmosphere, with an exosphere composed primarily of N2 along with CH4, H, H2 and N 
[de La Haye et al., 2007; Cui et al., 2009; Waite et al., 2004]. The processes influencing 
Titan’s exosphere are complicated by interactions with Saturn’s magnetic field and the 
plasma and energetic particles present in Saturn’s magnetosphere. Energetic populations 
of N and N2 have been observed in Titan’s exosphere resulting from dissociation and 
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dissociative ionization of N2 by solar ultraviolet radiation and photoelectrons, and from 
sputtering by magnetospheric ions [Shematovich et al., 2001; de La Haye et al., 2007]. 
Both H and H2 are believed to be escaping from the exosphere of Titan via thermal 
processes (Jeans escape) [Hunten, 1982; Cui et al., 2008]. 
 There are many other solar system objects with thick atmospheres like the gas 
giants. However, these planets have a more complicated dynamic system on account of 
their extremely strong magnetic environments, as well as other intrinsic factors specific 
to each system.  
 1.1.4 The Martian Exosphere 
The planet Mars has intrinsic characteristics that fall in between bodies with 
surface bound exospheres and bodies with thick atmospheres as well as bodies with an 
intrinsic magnetic field and bodies with no magnetic field. It has an atmosphere that is 
~1% of the total atmospheric content at Earth and a photochemistry that is slightly 
different from Venus, even though both these objects have primarily CO2 atmospheres. It 
also has crustal magnetic fields, which are dominant in the southern hemisphere while 
there is no magnetic shielding in the northern hemisphere. Many of the non-thermal 
processes active at Venus and Earth also occur at Mars. One of the most interesting 
aspects about the exosphere of Mars is its direct relation to the escape history of water 
from the planet. Geological evidence suggests that there was liquid water present on the 
surface of Mars along with a thicker warmer atmosphere protected by a global magnetic 
field just like present Earth, earlier in its evolution. Therefore understanding the 
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atmospheric loss processes will provide an insight into the evolution history of the red 
planet with possible implications for Earth once it looses its global magnetic field. 
The exosphere of Mars is the uppermost layer of its atmosphere and extends from 
the exobase at around 200 km to beyond 30,000 km (~8.8 martian radii) [Barth et al., 
1969].  It is comprised of mostly atomic hydrogen with traces of He, H2, N, and atomic 
oxygen. Both H and H2 are believed to be escaping via the thermal mechanism, Jeans 
escape [Hunten, 1973, 1982]. The main process of escape for the oxygen atoms present in 
the exosphere of Mars is through the process of dissociative recombination, similar to the 
case of Venus. The presence of energetic oxygen atoms has been discovered at Mars by 
the Rosetta spacecraft [Feldman et al., 2011]. Nitrogen atoms at Mars undergo impact 
dissociation by photoelectrons (N2 + e → N* + N*) or dissociative recombination (N2+ + 
e → N* + N*) with electrons to produce energetic nitrogen atoms, some of which can 
then escape the exosphere of Mars [Hunten, 1982]. The severely depleted reserve of He 
at Mars has been thought to be a result of exothermic charge exchange reaction with N2, 
the same non-thermal process which is also responsible for the loss of He atoms from 
Venus [Maier, 1968]. The isotopic fractionations found at Mars are also a result of non-
thermal escape processes active at Mars [Hunten, 1982]. Figure 1.1 displays some of the 
escape processes that are active in the exosphere of Mars. 
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Figure 1.1: Different thermal and non-thermal atmospheric loss processes at Mars. 
(Courtesy: MAVEN) 
 
The major constituent of the highly expansive exosphere of Mars (~8.8 martian 
radii) is atomic hydrogen, which originates through photo-dissociation of water vapor in 
the lower atmosphere. Early analysis of photochemistry of the planet suggested that 
atmospheric water vapor present below an altitude of 20 km is photo-dissociated by solar 
ultraviolet (UV) radiation into its constituents, atomic hydrogen and oxygen [Hunten and 
McElroy, 1970; McElroy and Donahue, 1972; Parkinson and Hunten, 1972]. The 
hydrogen thus created diffuses upwards slowly in the form of H2, a by-product of the 
recombination reaction producing a stable CO2 atmosphere at Mars [Hunten and 
McElroy, 1970; McElroy and Donahue, 1972]. Once H2 arrives in the ionosphere, it can 
be promptly dissociated by reactions with O2+ and CO2+ to form H, which then transports 
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upwards forming the martian exosphere [Krasnopolsky, 2002]. Therefore, the escape of 
hydrogen from the atmosphere of Mars can be directly related to the disappearance of 
water from the red planet. Tracing back the total amount of hydrogen that has escaped 
from the atmosphere of Mars would provide an approximation of the amount of water 
lost by Mars over its history of evolution [Hunten, 1973]. Evidence of substantial escape 
of H is also found in the elevated ratios of atmospheric deuterium to hydrogen (D/H) at 
Mars when compared to the terrestrial Standard Mean Ocean Water (SMOW) [Owen, 
1992]. This elevated D/H ratio is the result of enhanced escape of H over D due to the 
difference in their atomic mass and the present ratio at Mars can also be modeled to 
estimate the total amount of water lost into space [Yung et al., 1988; Krasnopolsky et al., 
1998; Bertaux and Montmessin, 2001; Villanueva et al., 2015]. 
Hunten [1973] calculated that the escape of hydrogen atoms from the exosphere 
of Mars is diffusion-limited. This means that the escape of hydrogen atoms from the 
martian exobase is determined by the hydrogen flux being transported from the lower 
altitudes. The density at the exobase is adjusted such that the escape flux from the 
exobase is consistent with the flux at lower altitudes. Krasnopolsky [2002] suggested that 
most of the H is transported into the exosphere from the lower altitudes as H2 which has a 
slow diffusion rate as well as a longer lifetime resulting in a constant escape flux for H 
from the exosphere. However recent observations of Mars presented in this thesis suggest 
that this scenario of a constant Jeans escape flux for H is no longer valid at Mars and that 
the density of H atoms and H bearing molecules at the exobase may vary thereby 
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influencing the escape of H atoms from the martian exosphere [Clarke et al., 2014, 
Bhattacharyya et al., 2015].  
Heavier species like oxygen escape predominantly via non-thermal processes, 
which have been detected at both Venus and Mars [Anderson, 1976; Takacs et al., 1980; 
Nagy et al., 1981 and references therein; Luhmann et al., 2008 and references therein; 
Chaufray et al., 2007 and references therein; Feldman et al., 2011]. Non-thermal escape 
processes also affect lighter species like hydrogen, however the population of atoms 
created by these processes is much smaller than the thermal population. Non-thermal 
hydrogen at a much higher temperature than the thermal atoms has been detected at 
Venus and Earth [Kumar et al., 1978; Anderson, 1976; Bertaux et al., 1977; Chaufray et 
al., 2012; Liu and Donahue, 1974a, 1974b, 1974c; Chamberlain, 1977; Maher and 
Tinsley, 1977; Bishop, 1985]. Detection of such a high-energy population of hydrogen 
has been difficult at Mars due to the larger scale height of the martian atmosphere 
compared to Venus and Earth on account of its lower surface gravity when compared to 
the other two terrestrial planets (Mars gravity is ~38% of Earth’s gravity and ~39% of 
Venus’ gravity).  
Both hydrogen and oxygen are tracers of water at Mars. However hydrogen is a 
much direct tracer as it is less reactive than oxygen and has fewer sources. There is plenty 
of geologic evidence of the escape of substantial amounts of water from Mars and 
accurately determining the hydrogen escape flux will allow us to chalk the course of 
evolution of Mars over time. 
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1.2 Evidence of Water and its Escape Through the Exploration of Mars 
History of atmospheric escape at Mars, especially the loss of its water resources, 
has been extensively studied by scientists over the course of more than 50 years. A 
multiple succession of satellite missions by different nations have contributed towards 
characterizing the martian geology and atmosphere. It is these missions sent by different 
nations that evidence of substantial amounts of water escape from the red planet has been 
detected. A summary of some of the important discoveries conducted by various Mars 
exploration missions over many decades have been presented in this section.  
The Mariner 6 and 7 missions were launched in the late 1960s with the purpose of 
further exploring the surface and atmosphere of Mars. The ultraviolet spectrometers 
onboard the two spacecraft detected the Lyman α emission at 1215.67 Å from atomic 
hydrogen from altitudes of 30,000 km above the surface [Barth et al., 1971]. This 
indicated the presence of a highly expansive exosphere at Mars [Barth et al., 1969; 1971; 
Dalgarno and McElroy, 1970]. Atomic oxygen was also detected in the martian 
exosphere due to the measurement of the 1304 Å emission line [Barth et al., 1971].  
Mariner 9 was the next successful mission to Mars. It was launched on May 30th 
1971 and reached Mars on November 14 of the same year at the time of a major global 
dust storm that had engulfed the entire planet. The mission was designed as an orbiter and 
was able to measure atmospheric perturbation during and after the cessation of the global 
dust storm [Leovy et al., 1972; Hanel et al., 1972]. Water vapor estimates indicated 
abundances of 10-20 precipitable micrometers during the dust storm, which was less than 
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that measured by ground-based methods in similar phases of previous martian seasons 
[Hanel et al., 1972]. The measured H optical depth of the martian atmosphere above an 
altitude of 80 km was found to vary by more than a factor of 2 between the Mariner 6 and 
7 observations and the Mariner 9 observations [Anderson, 1974]. Lyman α data on the 
disk of Mars and at the limb yielded an optical depth of ~ τ = 5, thereby indicating that 
the hydrogen exosphere was optically thick at Lyman α [Anderson, 1974]. Spectral 
measurements taken by Mariner 9 during and after the dust storm also indicate significant 
change in the thermal structure of the atmosphere [Hanel et al., 1972; Kliore et al., 1972; 
Conrath, 1975].                
The Mars missions were the next in the series of missions to Mars by the USSR 
launched during the early 1970s. These were a combination of orbiters and landers 
intended to further understanding of the red planet’s characteristics. Mars 6 measured a 
surface temperature of 230 K and surface pressure of 6 mb respectively at Mars. All these 
probes had ultraviolet spectrophotometers onboard to study the resonantly scattered 
Lyman α emission from the exosphere of Mars [Babichenko et al., 1976; Dostovalov and 
Chuvakhin, 1973].  
The Viking program consisted of a pair of space probes sent to Mars with an 
orbiter designed to photograph the surface of Mars from orbit and a lander designed to 
study the planet’s surface geology. They were launched during 20th August and 9th 
September 1975 and reached Mars halfway through 1976. Their main objective was to 
obtain high-resolution images of the martian surface, characterize the structure and 
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composition of the planet’s atmosphere and surface and search for evidence of life on 
Mars. The atmospheric mass spectrometers determined that CO2 was the main 
atmospheric constituent below 180 km, and that the thermal structure of the upper 
atmosphere is complex and variable with average temperatures below 200 K [Nier and 
McElroy, 1977, Bougher et al., 2000]. The water vapor content in the atmosphere 
monitored for a period of 1 martian year (June 1976 - April 1979) using the Mars 
Atmospheric Water Detectors (MAWD) instrument found its column abundances to vary 
between 0 and 100 precipitable micrometers depending on location and season, whereas 
its global abundance varied seasonally between 1 and 2 km3 of ice [Jakosky and Farmer, 
1982]. This seasonal variation of the water vapor column is most likely the reason behind 
the variation in the observed escape rate of atomic hydrogen from the exosphere of Mars, 
presented in this thesis.  
The next successful mission to Mars launched by NASA on 7th November 1996 
named the Mars Global Surveyor (MGS) was aimed as a global mapping mission that 
would examine the entire planet, from the ionosphere down through the lower 
atmosphere close to the surface. It also acted as a relay for other orbiters and landers sent 
to Mars over its ~10 years of service. Over 200 in-situ measurements of vertical 
structures of thermospheric density, temperature and pressure (110-170 km) by the 
accelerometer on MGS helped determine the structure of the upper atmosphere of Mars 
[Keating et al., 1998]. Aerobraking measurements by MGS recorded temperatures of 220 
K for the exosphere of Mars [Bougher and Keating, 1999; Bougher et al., 2000]. High-
resolution surface mapping by MGS measured the presence of water generated landforms 
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and landscapes, which indicate water-related activity, including glaciations that 
punctuated the geological history of Mars [Baker, 2001]. Infrared spectra from MGS’s 
Thermal Emission Spectrometer (TES) gathered over different seasons at Mars revealed 
moderate amounts of interannual variability of water vapor in the atmosphere, sometimes 
driven by dust activity during global dust storms [Smith, 2004]. Limb observations using 
TES in the northern hemisphere also revealed low-lying dust hazes and detached water-
ice clouds at altitudes up to 55 km [Christensen et al., 1998].  
The Mars Pathfinder mission by NASA, launched on 4th December 1996, was 
primarily a lander with a rover named Sojourner to enhance our understanding of the 
geology of the red planet. Pathfinder mission was the first successful mission to have a 
lander and a rover survive Entry, Descent, and Landing (EDL) and operate on the surface 
of Mars for a period of more than a month. Its findings were similar to that of Viking 
Lander 1, which are consistent with a warm, moderately dusty atmosphere [Schofield et 
al., 1997]. Analysis of Pathfinder’s accelerometer data during EDL reveals temperatures 
that are 20-30° K higher than the values measured by Viking 1 between 60 and 153 km, 
whereas at altitudes below this level the temperatures derived were similar to or warmer 
than the Viking 1 measurements [Magalhaes et al., 1999]. Analysis of the geology 
around the landing site suggested that the region was covered by liquid water at earlier 
times [Malin and Edgett, 2000]. The Mars Pathfinder Atmospheric Structure 
Investigation/ Meteorology (ASI/MET) Experiment measured vertical density, pressure, 
and temperature structure from the surface to 160 km, and monitored surface 
meteorology and climate for 83 sols (1 sol = 1 martian day = 24.7 hours). The mission 
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revealed that Mars was warmer and wetter and harbored a much thicker atmosphere in 
the past [Morris et al., 2000; Smith et al., 1997; Bell et al., 2000; McSween et al., 2000].    
2001 Mars Odyssey was launched on 7th April 2001 by NASA primarily to detect 
evidence of past or present water and ice as well as study the planet’s geology and 
radiation environment. The THEMIS camera onboard Odyssey surface features affected 
by water activity as well as found patches of water frost in the north polar cap 
[Christensen et al., 2003; Malin and Edgett, 2003; Mangold et al., 2004]. Odyssey also 
discovered large patches of subsurface ice deposits at Mars [Boynton et al., 2002] 
Mars Odyssey mission was followed by the Mars Exploration Rovers Spirit and 
Opportunity, launched in June-July 2003 to explore the Mars atmosphere close to the 
ground, its surface and geology. Exploration of the rock geology around Opportunity’s 
landing site, indicate evidence that liquid water flowed in that region [Squyres et al., 
2004, 2006]. The rover Spirit discovered outcrops rich in magnesium-iron carbonate 
which are speculated to have formed under hydrothermal conditions [Morris et al., 2008, 
2010].  
Mars Express is the first planetary exploration mission by ESA to study the planet 
Mars. It was launched on 2nd June 2003 and is comprised of an orbiter and a lander called 
Beagle 2, which failed to fully deploy after reaching the surface of Mars. The orbiter has 
been in service for ~12 years and it currently gathering data on Mars’ atmosphere and 
geology. Discovery of large deposits of sulphates and diverse phyllosilicates by the 
orbiter is consistent with an early active hydrological system, which supports the theories 
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of an early warm and wet Mars [Poulet et al., 2005]. It was discovered from OMEGA 
and SPICAM IR channel that the South polar cap was also made of H2O ice, coeverd 
with a few meters thick layer of CO2 ice. The ASPERA-3 instrument onboard Mars 
Express observed solar wind plasma and accelerated ionospheric ions at 270 km above 
the dayside planetary surface leading to atmospheric escape [Lundin et al., 2004]. 
Evidence of charge exchange between solar wind ions and the neutral exosphere leading 
to the creation of energetic neutral atoms (ENA) which then escape Mars, has also been 
observed by the ASPERA-3 instrument [Barabash and Lundin, 2006]. The ultraviolet 
and infrared spectrometer SPICAM has been used to assess the elemental composition of 
the atmosphere [Leblanc et al., 2006a, 2007; Bertaux et al., 2005a, 2005b; Leblanc et al., 
2006b, 2008]. Studies of the Lyman α emissions from the exosphere of Mars, as well as 
measurements of the presence of water vapor in the atmosphere, have also been 
conducted using SPICAM [Chaufray et al., 2008; Chaffin et al., 2014; Maltagliati et al., 
2011, 2013; Fedorova et al., 2006, 2009]. 
The Mars Reconnaissance Orbiter (MRO) was launched by NASA on 12th August 
2005 with the goal of mapping the martian surface and to identify suitable landing sites 
for future lander missions. Its onboard scientific instruments allow the study of martian 
climate, weather, atmosphere, geology and look for signs of liquid water in the polar caps 
and underground. MRO’s Compact Reconnaissance Imaging Spectrometer for Mars 
(CRISM) and High Resolution Imaging Science Experiment (HiRISE) instrument 
measurements have discovered that aqueous minerals are both diverse and widespread on 
the surface of Mars [Murchie et al., 2009]. Data obtained from these instruments also 
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indicate a more spatially widespread and mineralogically diverse non-homogeneous 
distribution of alteration minerals than was previously realized, which in turn, represents 
multiple aqueous environments [Ehlmann et al., 2009]. Martian surface changes due to 
seasons and other geologically active processes like winds have also been studied using 
MRO data [Dundas et al., 2012, 2015; Bridges et al., 2007]. CRISM monitoring of water 
vapor have shown nominal behavior for the northern spring and summer season with a 
maximum abundance reaching 50 precipitable micrometers whereas it has shown a 
significant reduction in water vapor abundance during the southern spring and summer 
seasons than measured in the earlier years [Smith et al., 2009]. Observations of the polar 
caps with MRO have revealed their detailed morphology and the effect of seasons and 
dust storms on the polar cap ice deposits to a large extent [Becerra et al., 2015; 
Herkenhoff et al., 2007; Hansen et al., 2010; Thomas et al., 2010; Portyankina et al., 
2010; Cantor et al., 2010].   
 Phoenix lander was launched by NASA on 4th August 2007 to study the geologic 
history of water, which was the key to unlocking the story of past climate change, and to 
evaluate past or future potential planetary habitability in the ice-soil boundary. It was the 
first mission to return data from either of the poles and contributed to NASA’s main 
strategy for Mars exploration, “Follow the Water”. Phoenix conducted measurements of 
stable isotopes of carbon and oxygen near the surface which indicated that low-
temperature water-rock interaction has been dominant throughout martian history, 
carbonate formation is active and ongoing, and recent volcanic degassing has played a 
substantial role in the composition of the modern atmosphere [Niles et al., 2010]. 
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 One recent mission to Mars that is currently active is the Mars Science 
Laboratory (MSL) lander launched by NASA on 26th November 2011 to investigate the 
habitability, climate and geology of the red planet. Accessing the long-timescale of the 
martian atmospheric evolution process is listed among the primary objectives of this 
mission. The Mast Camera (Mastcam) onboard MSL have revealed evidence of fluvial 
geology in its landing site (Gale Crater) [Williams et al., 2013]. The Sample Analysis at 
Mars (SAM) instrument measured isotope ratios of nitrogen, which agree with the 
Phoenix lander measurements [Wong et al., 2013]. Surface pressure measurements by the 
Rover Environment Measurement Station (REMS) have recorded the expected pressure 
changes due to seasons as well as unexpected diurnal pressure oscillations [Harri et al., 
2014]. Measurement of isotope ratios with MSL has provided a great wealth of 
information on the escape of the martian atmosphere during its early stages of evolution 
[Webster et al., 2013]. MSL’s measurement of D/H ratios in the martian atmosphere 
provides evidence that substantial amounts of water has been lost from the red planet’s 
atmosphere. Their measurement of D agrees with earlier measurements by Earth-based 
telescopes. However these values are higher than the low primordial values expected for 
the martian mantle [Webster et al., 2013]. Measurement of D/H ratio in the martian clay 
minerals using the SAM instrument on MSL revealed a substantially higher than 
expected ratio (3 ± 0.2 × standard mean ocean water) indicating an extended history of 
hydrogen escape and desiccation of the planet [Mahaffy et al., 2015].  
MSL was followed by two other launches: the Mars Orbiter Mission (MOM) by 
the Indian Space Research Organization (ISRO) launched on 5th November 2013 and the 
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Mars Atmosphere and Volatile Evolution (MAVEN) by NASA launched on 18th 
November 2013. These are orbiters designed to primarily study the evolution and escape 
of the atmosphere of Mars. Both these missions are currently gathering extensive data 
sets to help understand the history of the red planet as well as answer questions about the 
potential future habitability of Mars.   
NASA’s next Mars mission Mars Atmosphere and Volatile Evolution (MAVEN) 
launched on 18th November 2013 is currently making observations, which has led to 
several new discoveries about the atmosphere of Mars. Observations of the atmosphere 
during a coronal mass ejection impact enhanced the escape rate of ions from the martian 
atmosphere [Jakosky et al., 2015]. MAVEN deep dip campaigns at altitudes of ~130 km 
revealed unexpected short-term variability in the thermosphere and ionosphere region 
[Bougher et al., 2015]. Observations made by the Imaging Ultraviolet Spectrograph 
(IUVS) onboard MAVEN detected increased brightness from ionized magnesium from 
the fluence of low-density dust particles (1-100 μm) during the passage of comet Siding 
Spring [Schneider et al., 2015a]. IUVS also discovered diffuse aurora at ~60 km altitude 
from solar energetic particles (200 keV) capable of penetrating down to these altitudes 
[Schneider et al., 2015b]. Energetic pick-up ion measurement of ionospheric O2+ using 
the Solar Energetic Particle (SEP) instrument has helped constrain estimates of oxygen 
escape from Mars [Rahmati et al., 2014]. The SEP instrument has also discovered 
superthermal electrons capable of penetrating the ionosphere [Lillis et al., 2012]. 
MAVEN has also mapped the fluxes of planetary ions on a closed surface around Mars. 
The results show net escape of planetary ions behind Mars and strong fluxes of escaping 
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ions from the northern hemisphere with respect to the solar wind convection electric field 
[Brain et al., 2015]. MAVEN measurements has also revealed that photoionization 
behind the terminator is the dominant ion source for the night side ionosphere in 
comparison with day-night transport [Ma et al., 2015]. Suprathermal and magnetic field 
observations by MAVEN indicate that the magnetic field at Mars is rooted in the planet 
without much of a magnetotail [Luhmann et al., 2015]. Atmospheric temperature valued 
calculated from CO2 and O2 density profiles derived through stellar occultations of the 
martian atmosphere using IUVS onboard MAVEN have indicated the presence of a 
systematically cold layer with temperature of 105-120 K at a pressure level of 7 × 10-6 Pa 
[Groller et al., 2015]. Non-migrating tides have been discovered at Mars with MAVEN 
[Lo et al., 2015]. From the airglow emissions measured by IUVS, the discovery of the N2 
Lyman-Birge-Hopfield (LBH) bands at Mars have been reported and the N2 abundances 
calculated from the airglow measurements exceed GCM results by a factor of 2 at 130 
km but agree at 150 km altitude [Stevens et al., 2015]. Retrievals of CO2 and N2 densities 
from martian dayglow measurements by IUVS indicate a mean upper atmospheric 
temperature of 324 ± 22 K for local times near 14:00 [Evans et al., 2015]. IUVS has also 
revealed the presence of a hot oxygen population in the exosphere of Mars [Deighan et 
al., 2015] as well as a non-symmetric hydrogen exosphere [Chaffin et al., 2015]. 
MAVEN measurements have revealed a wealth of information about the structure and 
variability of the martian magnetosphere, ionosphere, thermosphere and exosphere and 
will continuing to do so over the next few years [Benna et al., 2015; Mahaffy et al., 2015; 
Dong et al., 2015; Hara et al., 2015; Ruhunusiri et al., 2015; Halekas et al., 2015; Vogt 
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et al., 2015; Withers et al., 2015; Mendillo et al., 2015; Rahmati et al., 2015; Andrews et 
al., 2015; Fowler et al., 2015].  
1.2.1 Results from Spacecraft Surveys and Modeling of the Exosphere of 
Mars 
The hydrogen atoms present in the exosphere of Mars resonantly scatter solar 
Lyman α photons at 1215.67 Å [Barth et al., 1971]. The process of resonant scattering 
involves the absorption and almost immediate re-release of a photon in an arbitrary 
direction with the same energy as the one that was initially absorbed. In the case of 
resonant scattering of Lyman α by hydrogen, it involves transitions between the ground 
state of hydrogen (n=1) and its first excited energy level (n=2) with an Einstein A 
coefficient of 4.7 × 108 s-1. These hydrogen atoms from the martian exosphere mostly 
escape via the thermal process of Jeans escape, which involves the slow boiling off of 
higher energy particles from the Maxwell-Boltzmann velocity spectrum [Hunten, 1973; 
Chassefiere and Leblanc, 2004]. Therefore in order to quantify this escape it is essential 
to determine the mean thermal temperature of the hydrogen population and their number 
density distribution at the exobase, beyond which there are negligible collisions.   
The hydrogen exosphere around Mars was first discovered when the Mariner 6 
and 7 missions detected Lyman α emissions at altitudes of 30000 km (~8.8 martian radii) 
above the surface of Mars. Observations of the Lyman α emissions from the exosphere of 
Mars were made with a 250 mm focal length Ebert-Fastie scanning spectrometer attached 
to a photomultiplier sensitive to the spectral range of 1100-4300 Å [Pearce et al., 1971]. 
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These observations were modeled above the exobase, taken to be 250 km, using a 
hydrogen distribution based on a Chamberlain [1963] assumption of a collisionless 
atmosphere. The Lyman α emission was considered to be optically thick and radiative 
transfer effects due to multiple scattering were taken into account while modeling the 
data. It was found that the temperature of the exosphere was 350 ± 100 K with an 
exobase number density of 3 ± 1 × 104 cm-3 [Anderson and Hord, 1971]. Disk and limb 
observations of Mars at Lyman α by Mariner 6, 7 and 9 provided optical depth values of 
τ = 2.2 in 1969 during the passage of Mariner 6 and 7 and τ = 5 in 1971 when Mariner 9 
reached Mars, confirming the fact the hydrogen exosphere at Mars was optically thick in 
Lyman α [Anderson, 1974]. The higher optical depth in 1971 can be attributed to the 
global dust storm that was ongoing at Mars during the arrival of Mariner 9. Airglow 
measurements of CO2 by Mariner 9 were modeled to yield an exospheric temperature of 
325 K, which is close to the values obtained from the Mariner 6 and 7 data analysis 
[Stewart et al., 1972]. At the time of the Mariner observations the solar activity was close 
to its maximum in the solar cycle (F10.7 ~ 180).  
The Mars 2 and 3 space probes also carried ultraviolet spectrometers designed to 
measure the Lyman α emission emanating from the upper atmosphere of Mars. These 
observations were also modeled with a Chamberlain atmosphere without satellite 
particles combined with a radiative transfer model to account for an optically thick 
atmosphere, which gave a value of 315 ± 30 K for the exospheric temperature and 1.85 ± 
0.45 × 104  cm-3 as the exobase density for hydrogen at Mars [Dostovalev and Chuvakhin, 
1973]. However, absorption of Lyman α by CO2 in the atmosphere of Mars was not 
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accounted for in the modeling process. Similarly the temperature of the upper martian 
atmosphere was probed through modeling of UV data collected by the spectrophotometer 
UFS-2 onboard the Mars 4-7 probes and yielded a temperature of 340 ± 30 K, consistent 
with earlier measurements [Babichenko et al., 1977]. The solar activity was close to its 
peak during the flyby of the Mars 2 and 3 probes (F10.7 ~180), whereas the solar activity 
was approaching its minimum for the Mars 4-7 flybys (F10.7 ~ 89).  
Measurements of density of the neutral upper atmosphere using the mass 
spectrometers onboard the Viking landers were used to determine the scale height of the 
atmosphere, from which the temperature of the atmosphere was derived to be below 200 
K [Nier and McElroy, 1977]. Accelerometer measurements of density, temperature, scale 
heights, and pressure by MGS during its descent into the martian atmosphere were 
simulated using the Mars Thermospheric General Circulation Model (MTGCM) for 
altitudes of 70 – 300 km and NASA’s Mars General Circulation Model (MGCM) for 
altitudes of 0 – 90 km. These simulations determined the exospheric temperatures to be 
~220 K near 45° N latitudes [Bougher and Keating, 1999]. The Viking and the MGS 
measurements were obtained during low solar acitivity. Long term aerobraking data from 
MGS has been modeled to understand the effects of solar activity on the characteristics of 
the martian atmosphere. Martian upper atmospheric temperatures were found to vary 
from ~180 – 300 K for a variation in solar activity index, F10.7 =40 – 100 [Forbes et al., 
2008, Bougher et al., 2009; Gonzalez-Galindo et al., 2009]. However, these models did 
not consider the effects of eddy diffusion, chemical production and loss, and the escape 
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of various neutral species densities above 138 km, which are not negligible up to 390 km 
[Krasnopolsky, 2010]. 
The SPICAM and ASPERA-3 instruments on Mars Express have been used to 
study the characteristics of the upper atmosphere of Mars. SPICAM is composed of one 
UV and one near-infrared spectrometer, which have been used for observations of 
dayglow and nightglow at Mars as well as auroral emissions [Leblanc et al., 2006a, 
2006b, 2007, 2008; Bertaux et al., 2005a, 2005b]. Observations of the dayglow 
emissions at Mars from the CO Cameron bands (180-260 nm) and the CO2+ ultraviolet 
doublet (289 nm) reveal the atmospheric temperature to be ~201 ± 10 K between 150 and 
190 km altitude [Leblanc et al., 2006a]. Emissions from the N2 Vegard-Kaplan bands 
were analyzed to reveal exospheric temperatures of 190 ± 51 K for areocentric longitudes 
of 100° and 171°, and equal to 257 ± 71 K for areocentric longitudes between 287° and 
321° [Leblanc et al., 2007]. Measurements of Lyman α emission from the hydrogen 
exosphere of Mars were also performed by SPICAM’s ultraviolet spectrometer, which 
were then modeled using a radiative transfer code to account for the optically thick 
exosphere along with a collisionless Chamberlain exosphere [Chaufray et al., 2008]. 
Exospheric temperatures in the range of 200 to 400 K were obtained corresponding to 
exobase number densities of 1 × 104  – 1 × 105 cm-3, depending on the absolute 
calibration of the instrument. Since temperatures close to 400 K for the exosphere are not 
supported by MTGCM models, a two population scenario with a majority of the thermal 
population of hydrogen at a lower temperature of ~200 K mixed with a non-thermal 
population of H at temperatures ranging from 800 – 1000 K were also modeled for the 
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SPICAM data [Chaufray et al., 2008]. Such a non-thermal population for H has been 
observed in the exospheres of Venus and Earth [Kumar et al., 1978; Anderson, 1976; 
Bertaux et al., 1977; Chaufray et al., 2012; Liu and Donahue, 1974a, 1974b, 1974c; 
Chamberlain, 1977; Maher and Tinsley, 1977; Bishop, 1985]. The ASPERA-3 
instrument on Mars Express also observed Lyman α emission profiles at high solar zenith 
angles [Galli et al., 2006]. This data was modeled with assuming an optically thin 
atmosphere for hydrogen at Lyman α to derive exobase density of 104 cm-3 for hydrogen 
corresponding to an exobase temperature T > 600 K.  
ESA’s Rosetta mission launched on 2nd March 2004 to rendezvous with comet 
67P/Churyumov-Gerasimenko in 2014 also included in its trajectory a flyby of Mars that 
was successfully made on 25th February 2007. The Alice spectrograph onboard Rosetta, a 
light-weight far-ultraviolet imaging spectrograph with a spectral range of 750 – 2000 Å, 
was used to gather data on the UV emissions from the daytime atmosphere of Mars. 
Offset pointing enabled the detection of Lyman α and Lyman β emissions from altitudes 
up to beyond 30,000 km from the planet’s center. These observations were modeled 
beyond the exobase (200 km) assuming an optically thin exosphere for both Lyman α and 
β, which yielded a temperature of ~260 K for the exosphere [Feldman et al., 2011]. 
Exospheric emission from atomic oxygen at 1304 Å was also analyzed to reveal the 
presence of a non-thermal component of oxygen at Mars [Feldman et al., 2011]. A 
summary of the major discoveries about the atmosphere of Mars is presented in section 
1.2.2 below. 
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1.2.2 Summary of Martian Exospheric and Water Escape Exploration  
Our understanding of the martian geology and atmosphere was greatly enhanced 
from the various successful missions that have collected data on the various aspects of the 
red planet. Each mission has provided new insights on different characteristics, like the 
radiation environment around Mars, its upper and the lower atmosphere, its ionosphere, 
and its surface geology. These discovery highlights and the corresponding missions are 
detailed chronologically below. Table 1.1 below only includes missions to Mars that have 
been successful in returning data resulting in important advancements in our knowledge 
of the atmosphere of Mars. 
Table 1.1: Successful Missions to Mars and their Discovery Highlights 
Launch Date 
(Launch 
Agency) 
Name 
(Mission Type) 
Mission Discovery Highlights 
24 February 
1969 
(NASA) 
 
27 March 
1969 
Mariner 6 
(Flyby) 
 
 
Mariner 7 
• Discovered Lyman α emission at 1215.67 Å 
from the expansive hydrogen exosphere at an 
altitude of 30,000 km (8.8 martian radii). 
• Discovered a primarily cold CO2 based 
atmosphere. 
• Discovered atomic oxygen emissions at 1304 
Å, 1356 Å and 2972 Å from the exosphere of 
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(NASA) (Flyby) Mars suggesting the presence of atomic 
oxygen at high altitudes. 
• Modeling of the H exosphere revealed a 
mean temperature of 350 ± 100 K for the H 
population at the exobase corresponding to a 
number density of 3 ± 1 × 104 cm-3. 
30 May 1971 
(NASA) 
Mariner 9 
(Orbiter) 
• Measured effects of a global dust storm on 
the atmosphere of Mars. 
• Measured the optical depth of the hydrogen 
exosphere at Lyman α to be τ = 5. 
• Airglow measurements revealed an 
exospheric temperature of 325 K.  
• Detected dust at altitudes of 50 km. 
• Discovered higher levels of water vapor in 
the atmosphere (10-20 pp μm). 
19 May 1971 
(USSR) 
 
 
Mars 2 
(Orbiter and 
Lander) 
Mars 3 
• Both Mars 2 and 3 landers achieved first 
successful short-lived surface landings. 
• Detected the Lyman α emission from the 
hydrogen exosphere which was analyzed 
using a radiative transfer model to obtain a 
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28 May 1971 
(USSR) 
(Orbiter and 
Lander) 
mean temperature of 315 ± 30 K and an 
exobase density of 1.85 ± 0.45 x 104 cm-3. 
CO2 absorption by the atmosphere was not 
taken into account in the modeling process. 
 
5 August 
1973 
(USSR) 
 
9 August 
1973 
(USSR) 
 
Mars 6 
(Flyby and 
Lander) 
 
Mars 7  
(Lander) 
 
• Mars 6 measured a surface temperature and 
pressure of 230 K and 6 millibars. 
• All these probes carried UV 
spectrophotometers for studying the H 
exosphere, data from which was analyzed to 
reveal a temperature of 340 ± 30 K.  
20 August 
1975 
(NASA) 
 
9 September 
1975 
Viking 1 
(Orbiter and 
Lander) 
 
Viking 2 
(Orbiter and 
 
• Seasonal variation of atmospheric content of 
water vapor detected near the surface. 
• Detected aerosol types of a water ice ground 
fog, high altitude water ice clouds and 
suspended soil particles at Mars. 
• Analysis of neutral mass spectrometer data 
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(NASA) Lander) revealed exospheric temperatures around 200 
K.  
12 July 1988 
(USSR) 
Phobos 2 
(Orbiter and 
Landers) 
• Detected strong loss of plasma from the 
topside ionosphere at Mars. 
• Detected MHD wave phenomena in the 
region upstream from the Mars sub-solar 
bow shock. 
7 November 
1996 
(NASA) 
Mars Global 
Surveyor  
(Orbiter) 
• Analysis of aerobraking measurements 
revealed a temperature of 220 K at the 
martian exosphere. 
• High resolution surface mapping indicated 
water generated landforms and landscapes. 
• Detected moderate amount of inter-annual 
variability in atmospheric water vapor mostly 
fueled by dust activity. 
• Discovered low-lying dust hazes and water-
ice clouds at altitudes of 55 km.   
4 December 
1996 
Mars Pathfinder  
(Lander and 
• Surface atmospheric monitoring consistent 
with the Viking 1 lander of a warm 
moderately dusty atmosphere. 
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(NASA) Rover) • Discovered geological evidence in the form 
of sedimentary rocks and carbonate deposits 
which are indicative of early existence of 
liquid water. 
7 April 2001 
(NASA) 
2001 Mars 
Odyssey 
(Orbiter) 
• High-resolution mapping of martian surface. 
• Detected evidence of water related 
landforms. 
• Data has been useful for future lander 
mission site selection. 
2 June 2003 
(ESA) 
Mars Express 
(Orbiter and 
Lander) 
• Discovered calcium-rich sulphates like 
gypsum at martian north pole. 
• Discovered large deposits of sulphates and 
diverse phyllosilicates consistent with an 
early active hydrological system. 
• Detected presence of solar wind plasma at 
270 km above dayside planetary surface. 
• Detected charge exchange between solar 
wind ions and neutral exosphere resulting in 
creation of ENAs which are responsible for 
atmospheric escape. 
	  	  	  
34	  
• Dayglow observations revealed atmospheric 
temperatures closer to 200 K. 
• Lyman α observations of the H exosphere 
could not be simulated with a single 
component H population and hinted at the 
possibility of the presence of a non-thermal 
component of H in the exosphere.  
10 June 2003 
& 
7 July 2003 
(NASA) 
Mars 
Exploration 
Rovers:          
Spirit & 
Opportunity 
• Discovered the presence of various minerals 
like basalt, olivine, pyroxene, magnetite, etc. 
on the surface of Mars, indicative to water 
activity. 
• Discovered some indirect evidence of water-
related activity in the past. 
2 March 
2004 
(ESA) 
Rosetta 
(Flyby) 
• Discovered a non-thermal population of 
atomic oxygen in the exosphere of Mars 
• Lyman β emission detected was modeled to 
find a best fit temperature of 260 K without 
any non-thermal H. 
12 August 
2005 
Mars 
Reconnaissance 
• High-resolution surface mapping useful in 
detection of evidence for water-related 
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(NASA) Orbiter 
(Orbiter)  
activity at Mars. 
• Better mapping of the polar cap morphology. 
• Data has been used for planning of future 
Mars missions. 
4 August 
2007 
(NASA) 
Phoenix 
(Lander) 
• Discovered indications of low-temperature 
water-rock interaction. 
• Conducted measurements of stable isotopes 
of carbon and oxygen which indicated that 
carbonate formation is active and ongoing. 
• Discovered that recent volcanic outgassing 
played a major role in the composition of the 
modern martian atmosphere. 
26 November 
2011 
Mars Science 
Laboratory 
(Lander) 
• Measured radiation dosage on the surface of 
Mars for future habitability. 
• Found evidence of fluvial geology in Gale 
Crater. 
• Measured isotope ratios for studying 
atmospheric escape. 
• Measured D/H ratios indicating escape of a 
large amount of water from Mars throughout 
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its history. 
 
18 November 
2013 
(NASA) 
 
MAVEN 
(Orbiter) 
• Recorded short-term effects on the 
atmosphere from solar energetic events like 
CMEs. 
• Discovered diffused aurora. 
• Noted short-term variability in the 
thermosphere and ionosphere of Mars. 
• Mapped ion escape fluxes around Mars in 
detail. 
• Discovered of the N2 Lyman-Birge-Hopfield 
(LBH) bands. 
• Airglow measurements revealed the upper 
atmospheric temperature to be 324 ± 22. 
• Detected the presence of hot oxygen in the 
exosphere and a non-symmetric hydrogen 
corona. 
• Detected short-term atmospheric changes 
enhancing atmospheric escape at Mars 
during the passage of comet Siding Spring on 
19-20th October 2014. 
• The MAVEN mission by NASA is currently 
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active in gathering data on the martian 
surface and atmosphere. 
 
5 November 
2013  
(ISRO) 
 
Mars Orbiter 
Mission  
(Orbiter) 
• Imaged Phobos with its high resolution 
camera which is useful for studying the 
morphology of this martian satellite. 
• The MOM mission by ISRO is currently 
active in gathering data about Mars and its 
satellites, Phobos and Deimos. 
 
1.3 Goals of the Thesis 
Mars is believed to have been more Earth-like early in its history than it is today. 
There is considerable geological evidence that the planet’s volatile inventory and climate 
have changed markedly throughout its evolutionary period [Jakosky and Philips, 2001; 
Baker, 2001; Ehlmann et al., 2011; and references therein]. These drastic changes in the 
atmospheric and surface characteristics, specifically the disappearance of liquid water, 
have been partly attributed to the loss of its intrinsic magnetic field [Jakosky and Philips, 
2001; Brain et al., 2010]. However, the relative amounts of water that have escaped Mars 
or that remain frozen in its crust today are still uncertain. The inventory of water at 
present in the polar caps (main contributor) and in the 1m layer of icy terrains amounts to 
an equivalent of about 20 meters liquid over the whole surface of Mars [Smith et al., 
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1999; Plaut et al., 2007; Carr and Head, 2015]. With the finding of D/H ratio being 
about 7 times SMOW, it would mean that there were at some time in the beginning at 
least 137 meters equivalent liquid [Villanueva et al., 2015], if there were no escape of D 
atoms at all. However, the factor of 7 D/H enrichment is related to the exchangeable 
reservoirs, and it is not certain that the polar caps can be counted upon entirely to be the 
source of these reservoirs. In addition, after more than 50 years of exploration of Mars 
there still remains a poor understanding of the involvement of specific thermal and non-
thermal escape mechanisms in the water loss process, its seasonal dependence, and its 
actual rate of escape from Mars. This is partly because of spacecraft viewing geometry, 
uncertainties in instrumental absolute calibration and inherent characteristics of the planet 
Mars itself, like the low gravity resulting in large atmospheric scale heights, which make 
it difficult to distinguish between the thermal and non-thermal populations of H in the 
exosphere of Mars, unlike Venus and Earth.  
The importance of understanding the evolution history of water at Mars has been 
indicated in NASA’s Mars research program, which is focused on the theme “Follow the 
Water”. Therefore it is imperative to understand the characteristics of the martian 
hydrogen exosphere, which are directly related to the loss of water from Mars, as 
highlighted before. The objective of this thesis is to advance our knowledge about the 
various factors governing the behavior of the hydrogen exosphere at Mars, e.g., seasonal 
effects, effects due to solar activity, dust activity in the martian atmosphere, etc. 
Moreover, it will explore the martian exosphere’s inherent characteristics such as 
spherical symmetry, presence of thermal/ non-thermal processes, etc. We have used the 
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Hubble Space Telescope (HST) to observe Mars in the far-ultraviolet (FUV) to 
investigate the above-mentioned issues. Advantages of using the Hubble telescope 
include a very good understanding of the instrumental characteristics. This results in a 
better determination of the absolute calibration for the data, and imaging a large portion 
of the martian exosphere at a particular time to allow for the exploration of dayside/night 
side symmetry as well as obtaining exospheric emissions up to large radial distances 
(~670 km – 30,000 km altitude from Mars’ surface). HST’s geometry around Earth also 
makes it possible to observe emissions from the entire column of the martian exosphere, 
unlike the various spacecraft in orbit around Mars which are embedded within the 
exosphere of Mars. A description of HST and the instrument that has been used to image 
Mars and the data reduction process is presented in Chapter 2 of this thesis.  
Imaging in the ultraviolet easily allows the detection of the sparsely populated 
region of the martian upper atmosphere and is frequently used in studying tenuous 
planetary atmospheres. This is because the absorption/scattering cross-section of atoms 
becomes larger at shorter wavelengths, making the thin atmospheres optically thick and 
easily discernible up to large altitudes with high sensitivity.   
Since the Lyman α emission from the hydrogen exosphere of Mars is optically 
thick we have used a radiative transfer model to analyze the data obtained from the 
Hubble Space Telescope, as detailed in Chapter 3 of this thesis. The number density 
profile for hydrogen above the exobase (200 km) has been modeled using the 
Chamberlain model assumptions without satellite particles. Below the exobase a 
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simplified diffusion model has been used with the diffusion of H in CO2, the primary 
martian atmospheric constituent below 180 km, to construct the H density profile with 
altitude. All these models are described in detail in Chapter 3.  
The first set of HST observations of Mars in 2007 revealed a rapid decrease in the 
Lyman α intensity within a period of a month. This decrease was also observed by 
SPICAM on Mars Express, and was not associated with any changes in solar activity, 
which was almost a constant at the time of the observations. Modeling of this data set in 
order to understand this behavior exhibited by the martian exosphere is elaborated in 
Chapter 4. 
Further observations of Mars in 2014 to study the seasonal influence on the 
escape of hydrogen from the exosphere of Mars are described in Chapter 5. Details of the 
modeling of this data set are also presented in this chapter, including the effects of the 
presence of a non-thermal population of hydrogen in the martian exosphere.     
Chapter 6 details a study of the uncertainties involved in the modeling process as 
well as the assumed symmetric nature of the exosphere. The advantage of using HST 
over other satellites is also presented here. The chapter also discusses the potential non-
thermal processes that could result in the production of an energetic population of 
hydrogen at Mars. 
In addition to the above work, a Monte Carlo model constructed at Boston 
University and first used to study the exosphere of the Moon and Mercury has been 
modified and adapted to study the exosphere of Mars. Description of this model and its 
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various features is presented in Chapter 7 along with the current and planned future 
studies of the dynamics of the H atoms present in the exosphere of Mars.  
Chapter 8 summarizes the results of the various studies performed under this 
thesis as well as the future applications of the models developed while undertaking this 
study. The various missions currently active at Mars especially data collected by 
MAVEN on the atmosphere of Mars will also be used to more extensive studies on some 
of the characteristics of the hydrogen exosphere at Mars explored in this thesis. 
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2. HUBBLE SPACE TELESCOPE AND THE DATA REDUCTION PROCESS 
This chapter describes the Hubble Space Telescope (HST) briefly as this was the 
instrument used to image the martian exosphere analyzed in this thesis. The chapter also 
details the images obtained for Mars and the reduction procedure applied to obtain the 
final images of the martian exosphere in Lyman α which were then used to study the 
hydrogen escape from Mars. 
The Hubble Space Telescope (HST) is a space telescope that was launched into a 
low Earth orbit on 24th April 1990. It is a Cassegrain reflector of Ritchey-Chrétien design 
with a 2.4 meter diameter primary mirror which has a focal length of 57.6 meters. Its 
orbit above most of the Earth’s atmosphere allows it to obtain very high-resolution 
pictures which are not seeing limited and with minimal atmospheric absorption of UV 
wavelengths. HST orbits around Earth at a velocity of 7160 m/s with an orbital period of 
~95.6 minutes.  
HST was placed in a low Earth orbit to enable shuttle servicing missions. The 
telescope’s orbit has an apogee of 555.6 km and a perigee of 551.4 km. This resulted in 
the occultation of most of the astronomical targets by Earth for slightly less than half of 
each orbit. Observations also cannot take place when the telescope passes through the 
South Atlantic Anomaly due to elevated radiation levels on the UV detectors. There is 
also a 50° observation exclusion zone around the Sun (precluding observations of 
Mercury), Moon and Earth. This is mostly to keep bright light sources and scattered light 
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from entering the telescope tube where it would heat the black paint thereby degrading it 
and potentially contaminating the mirrors. 
The Space Telescope Science Institute (STScI) is responsible for scientific 
operation of the telescope and the delivery of data products to the astronomers. STScI is 
operated by the Association of Universities for Research in Astronomy (AURA) and is 
physically located in Baltimore, Maryland. The data obtained by HST is stored in the 
Mikulski Archive for Space Telescopes (MAST) maintained by STScI and can be 
downloaded from http://archive.stsci.edu/hst/search.php.	  HST data becomes public 1 year 
after the data enters MAST. 
The Hubble Space Telescope was designed to make observations in the near-
infrared, visible and ultraviolet wavelengths of the electromagnetic spectrum. HST’s 
current set of scientific instruments include the Near Infrared Camera and Multi-Object 
Spectrometer (NICMOS) for infrared astronomy, the Advanced Camera for Surveys 
(ACS) which is a multipurpose optical camera, the Wide Field Camera 3 (WFC 3) to 
obtain wide field images in the visible spectrum, the Cosmic Origins Spectrograph (COS) 
for ultraviolet spectroscopy for faint point sources and the Space Telescope Imaging 
Spectrograph (STIS) which is a spectrograph with a camera mode. The telescope is 
equipped with fine guidance sensors that provide high precision pointing information as 
input to the observatory’s attitude control systems.  
HST has been in service for a little more than 25 years within which it has made 
many important scientific discoveries. A few highlights include determining the value of 
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the Hubble constant with higher precision, which has led to a refined estimate for the age 
of the universe. The high-resolution spectra and images of nearby galaxies have been 
well suited to establishing the prevalence of black holes in their nuclei. The collision of 
comet Shoemaker-Levy 9 with Jupiter in 1994 imaged by HST was crucial in studying 
the dynamics of such an event. The Hubble Deep Field, the Hubble Ultra-Deep Field, and 
the Hubble Extreme Deep Field images used the telescope’s unmatched sensitivity at 
visible wavelengths to create images of patches of sky that are the deepest ever obtained 
at visible wavelengths, and this has generated a wealth of information which has provided 
a unique window to the early universe. 
2.1 The Advanced Camera for Surveys 
The Advanced Camera for Surveys (ACS) was used to obtain observations of 
Mars in the vacuum ultraviolet, analyzed in this thesis. It is a third generation axial 
instrument installed on the Hubble Space Telescope during a servicing mission on 7th 
March 2000. Its primary purpose was to increase HST’s discovery efficiency with a 
combination of detector area and quantum efficiency that surpasses previous instruments. 
It is highly versatile and has cameras that have provided imaging capabilities extending 
from the ultraviolet to the infrared part of the spectrum using a broad assortment of 
filters. In addition, it also has a coronograph and has polarimetric and grism capabilities. 
A brief summary of some of the ACS instrument has been presented below. Further 
details on ACS and its instruments can be found in the ACS Instrument Handbook 
Version 14. [Avila et al., 2015]. 
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ACS has three independent channels, each optimized for specific scientific tasks. 
They are the Wide Field Channel (WFC), the High Resolution Channel (HRC), and the 
Solar Blind Channel (SBC). The SBC channel primary instrument used for the Mars 
observations studied in this thesis and is described in detail under Section 2.1.1. 
ACS has three filter wheels: two shared by WFC and HRC, and a separate wheel 
dedicated to SBC. The first WFC/HRC filter wheel contains a total of 15 components 
whereas the second WFC/HRC filter wheel contains a total of 27 components which are 
combinations of filters, polarimeters and grisms. ACS also has a calibration subsystem 
consisting of tungsten lamps and a deuterium lamp for internal flat fielding of each of the 
optical channels. 
2.1.1. Solar Blind Channel (SBC) 
 The Solar Blind Channel detector contains a Cesium Iodide (CsI) microchannel 
plate with a Multi Anode Microchannel Array (MAMA) readout in the form of a 1024 × 
1024 pixel array, each 25 × 25 μm in size. It provides a spatial resolution of ~0.034 × 
0.030 arcseconds/pixels, producing a nominal field of view of 34.6 × 30.1 arcseconds. 
The SBC ultraviolet spectral response ranges from ~1150 Å to ~1700 Å with a peak 
efficiency of 75 % at 1250 Å. This detector has a quantum efficiency of ~19.2 % at 
Lyman α (1215.67 Å). 
 The SBC MAMA detector provides two dimensional ultraviolet imaging and 
spectroscopic capability. The detector has no read noise and negligible dark counts (~5 × 
10-5 electrons/sec/pixel). Target photons hit the CsI photocathode liberating single 
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photoelectrons which pass into the microchannel plate intensifier, where a pulse of ~4 × 
105 electrons is generated. The pulse is recorded by an anode array behind the 
photocathode and detected by the MAMA electronics, which reject false pulses and 
determine the position of the photon event on the detector. To protect the MAMA against 
permanent damage from over-illumination, local and global brightness limits of 50 
counts/second/pixel and 200,000 counts/second are imposed on all SBC targets. The ACS 
MAMA has a disabled anode from rows 600 to 605 which appears as a dark line in the 
images obtained by the detector. 
 The SBC data requires two types of flat field corrections, the ‘pixel-to-pixel’ flats 
(P-flats), which take care of the high frequency structures in the detector sensitivity, and 
the ‘low-order flats’ (L-flat), which handle the low frequency components. Current P-
flats have been derived by the onboard deuterium lamp [Bohlin and Mack, 2005]. The L-
flat used to reduce the Mars images have been constructed from HST images of the sky 
background around Earth. 
The SBC filter wheel contains a combination of 6 filters and 2 prisms. Images of 
Mars were obtained using the F115LP filter and the F140LP filter while images of the 
sky background using the F115LP filter. F115LP is a longpass MgF2 filter with the band 
center at 1150 Å and F140LP is a longpass BaF2 filter with the band center at 1400 Å. 
2.2 HST Imaging and Reduction of Exospheric Images at Mars 
 The exosphere of Mars is mostly composed of neutral atomic hydrogen atoms, 
which resonantly scatter solar Lyman α (1215.67 Å) in the far ultraviolet part of the 
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electromagnetic spectrum. In order to image this region of the exosphere only in Lyman 
α, both the F115LP and the F140LP filters in the ACS-SBC instrument were used. In this 
thesis two sets of observations of Mars in the far ultraviolet, once in October – November 
2007 and the second time in May – November 2014 has been analyzed in detail (Chapter 
4 to 6). 
The raw data obtained by HST on a 1024 × 1024 pixel image stored in a .fits file 
format, was reduced using custom procedures developed at Boston University rather than 
using the standard reduction routines provided by STScI. This pipeline, originally 
constructed for reduction of ultraviolet images of Jupiter and Saturn by HST, was 
modified and adapted for the Mars images [Clarke et al., 2009, 2014; Bhattacharyya et 
al., 2015]. All the raw data have undergone dark count subtraction, flat field correction, 
tagging of bad detector pixels which can be eliminated during the data analysis process, 
geometric distortion correction performed in a manner to preserve the count rate per unit 
area, rotation of the image to place the planet north pole pointing straight up in the image 
and conversion of pixel counts to brightness units (kilo-Rayleighs) from the measured 
instrument response to ultraviolet standard flux stars (Section 2.3). 
 For each .fits image a set of ephemeris data has been assembled from the HST 
image header and from the SPICE toolkit developed by NASA’s Navigation and 
Ancillary Facility (NAIF). The center of the planet in the image and its radius in pixels 
was determined manually using Smithsonian Astronomical Observatory’s (SAO) 
astronomical imaging and data visualization application, DS9. Estimated uncertainties in 
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locating Mars’ center in the images are 1 pixel both in the north/south and east/west 
direction. The platescale for all the images is 0.025 arcseconds/pixel and ranged from 13 
km/pixel to 31 km/pixel for the observations depending on the distance between Earth 
and Mars. When Mars was close to Earth the platescale was small, whereas when Mars 
was further from Earth the platescale of the image was large. 
Combinations of clear (F115LP filter images containing Lyman α) and filtered 
(F140LP filter images with no Lyman α) images of Mars were obtained by HST during 
each observing run, with an integration time of 100 seconds per image. Figure 2.1a and 
2.1b displays an example of Mars imaged by ACS-SBC using the F115LP and F140LP 
filters. The extended Lyman α emission from the hydrogen atoms populating the martian 
exosphere is quite evident on comparing the two images.  
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Figure 2.1a: Reduced image of Mars in ultraviolet using the F115LP filter taken on 15th 
October 2007. The dark band in the picture represents a row of non-functional anodes in 
the detector. 
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Figure 2.1b: Reduced image of Mars in ultraviolet using the F140LP filter taken on 15th 
October 2007. The dark band in the picture represents a row of non-functional anodes in 
the detector.  
 
The F115LP filter allows FUV emissions up to 1150 Å, which include Lyman α 
whereas the F140LP filter allows FUV emissions only up to 1400 Å, which does not 
include Lyman α.  Therefore, in order to obtain only emissions at Lyman α in the HST 
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images for Mars, the scaled difference between the reduced clear (F115LP) and filtered 
(F140LP) images was taken which would remove the reflected solar continuum from the 
disk of Mars leaving purely Lyman α emission beyond ~1.2 martian radii. This method 
works well in isolating only the Lyman α emission in the exosphere of Mars as there are 
no other significant emissions between 1150 Å and 1400 Å, the central wavelength of the 
two filters (F115LP and F140LP) used to image Mars (Figure 2.2). The atomic oxygen 
emissions (OI) at 1304 Å and 1356 Å, as shown in Figure 2.2 below, does not affect the 
Lyman α emission as atomic oxygen densities are negligible above altitudes of ~1500 km 
(1.5 martian radii). 
 
Figure 2.2: Spectrum of the airglow emissions at Mars obtained by HST STIS instrument. 
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Figure 2.3a shows the difference in the brightness recorded by the two filters 
F115LP and F140LP away from the disk of the planet. The difference represents the 
Lyman α emission from the hydrogen exosphere. The disk of Mars imaged using the two 
filters is much brighter in the FUV wavelengths due to the solar continuum scattered by 
Rayleigh diffusion and the ground, above the CO2 absorption cut-off at 200 nm. The 
difference in brightness recorded using the two filters for the disk is very small and 
therefore subtracting them would produce a very noisy profile for the disk. Figure 2.3b 
shows the two filter profiles for the disk brightness at Mars. 
 
Figure 2.3a: Brightness difference recorded by the two filters F115LP and F140LP when 
Mars was observed on 15th October 2007. This difference in brightness is due to the 
resonantly scattered Lyman α emission by the hydrogen atoms present in the exosphere of 
Mars and the background emission from the geocorona and IPH, which would eventually 
be subtracted off to obtain the final image used in the analysis process. 
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Figure 2.3b: Brightness difference recorded by the two filters F115LP and F140LP when 
Mars was observed on 15th October 2007. The disk of planet Mars is much brighter than 
the hydrogen exosphere in both the filters due to the solar continuum and Rayleigh 
diffusion and the ground, above the CO2 absorption cut-off at 200 nm.  
 
The Lyman α emission in each of the subtracted martian images is composed of 
three components: resonantly scattered solar Lyman α photons by neutral hydrogen 
present in the exosphere of Mars, emission from the interplanetary hydrogen (IPH) and 
airglow from the geocorona. The sky observations looking away from Mars were used to 
determine the background emissions, which could then be subtracted off from the Mars 
images leaving only Lyman α emission from martian exospheric hydrogen. These 
background emissions are a sum of the geocorona and IPH emissions which has been 
Doppler shifted by several Doppler widths from the martian Lyman α line making the 
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atmosphere of Mars optically thin to this emission above the limb [Clarke et al., 1995]. 
To limit the background level, only observations with background emissions below ~2.5 
kilo Rayleighs (kR; 1 kR = 109/photons/cm2/steradian/sec) for the 2007 observations of 
Mars and below ~7 kilo Rayleighs for the 2014 observations were subtracted off from 
their corresponding Mars images to obtain the final reduced images used in the analysis. 
Figure 2.4 is an example of a final reduced HST image of Mars containing only Lyman α 
emission from the hydrogen atoms present in its exosphere. 
 
 
Figure 2.4: Final reduced HST image of Lyman α emission from the martian exosphere 
taken on 15th October 2007 (left) with the Sun-Mars-Earth angle as 40° and 30th May 
2014 (right) with the Sun-Mars-Earth angle as 33°. The white lines represent lines of 
constant kR. These images are devoid of the background emissions (geocorona + IPH). 
The mars disk in only the F140LP filter has replaced the original noisy disk of Mars from 
the subtraction of the two filters in the above images. 
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2.3. Absolute Calibration of ACS-SBC 
 The Advanced Camera for Surveys (ACS) installed on the Hubble Space 
Telescope (HST) has been in constant service since 7th March 2002 barring a servicing 
mission in 2007. This has allowed for a better estimate of the calibration factor for the 
SBC detector even though the 2007 observations were the first time the ACS-SBC 
camera has been used to obtain images of Mars in the far ultraviolet (FUV) wavelength 
range of the electromagnetic spectrum. Previously this instrument had been used to image 
FUV emissions from the aurora at Jupiter and Saturn [Clarke et al., 2009; Gustin et al., 
2012]. The emissions from the aurora of these planets span a band of wavelength in the 
ultraviolet for which ACS is sensitive and the calibration factor was determined keeping 
the characteristics of the auroral emissions in mind [Gustin et al., 2012]. This factor was 
determined to be 0.002103 counts/pixel-sec-kR as an average over the bandpass of the 
auroral emission spectrum. For the Mars observations, the final reduced image filtered 
out all the UV emissions except Lyman α which required the analysis of the sensitivity of 
the instrument at this wavelength alone. The throughput (ratio of total photons reaching 
the telescope from the source to that of the number of photons actually collected by the 
telescope) at UV wavelengths for HST has been modeled by studying the instrument 
response characteristics and the Optical telescope Assembly (OTA) transmission 
efficiency at the wavelengths represented in figure 2.6 below. This curve is based on 
bandpass-averaged count rates looking at the flux of standard calibration stars, and the 
shape of the curve is not directly measured but is based on assumed component 
efficiencies. As can be determined from the figure below, the total throughput of the 
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system which contained the Optical Telescope Assembly (OTA) and the ACS-SBC 
instrument, at the Lyman α wavelength has a value of 0.0498 or ~5%. This value can now 
be used to calculate the absolute calibration factor of ACS-SBC at Lyman α and has been 
used for the observations described in Chapter 5 and 6 of this thesis. The initial analysis 
presented in Chapter 4 of this thesis made use of the old calibration factor, which is more 
suited towards auroral observations. 
 
 
Figure 2.5: Total throughput for Hubble Space Telescope’s (HST) Optical Telescope 
Assembly (OTA) and the Advanced Camera for Surveys (ACS) instrument at ultraviolet 
wavelengths. 
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The following relation has been used to convert the Lyman α counts/pixel/sec into kilo 
Rayleighs: 
 !"#$%&!" = 10!  ×  𝐴𝑟𝑒𝑎  𝑜𝑓  𝐻𝑆𝑇  ×  𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡  × !"#$%  !"#$%  !"  !  !"#$%  !"  !"#$%&%'(!!           (2.1) 
Here the area of HST is taken to be π times the square of the radius of the front mirror 
(120 cm). The final calculated value for the absolute calibration factor of the instrument 
at Lyman α is 0.002633 counts/pixel-sec-kR. The solid angle of 1 pixel of the HST ACS 
detector amounts to 2.35 × 10-11 steradian in the sky. A 10% uncertainty has been 
assumed for this value during the data analysis, which is addressed in Chapter 6 of this 
thesis. 
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  3. MODELING THE HST OBSERVATIONS OF MARS 
 Analysis of Mariner 9 observations indicated that the Lyman α emission from the 
exosphere of Mars is optically thick at line center [Anderson, 1974]. This leads to 
multiple scattering of the solar Lyman α photons within the exosphere of Mars. This 
multiple scattering process involves a solar photon at the wavelength of Lyman α 
(1215.67 Å) within the exosphere of Mars encountering a hydrogen atom and getting 
absorbed and re-released almost immediately (~10-9 sec) into an arbitrary direction. The 
photon now moving along its new direction vector could encounter another H atom and 
change its direction. Therefore the total number of photons travelling in the direction of 
the observer is not proportional to the column density of H atoms along that line of sight 
as it would be for an optically thin medium. More photons come from multiple scattering, 
but self-absorption along the line of sight decreases the intensity. It is important to 
properly model multiple scattering properly in an optically thick atmosphere in order to 
determine the line of sight brightness accurately which in turn will provide an accurate 
description of the density distribution. Knowing the correct exospheric H density is 
important for Mars as it is directly related to the Jeans escape flux from Mars, which in 
turn can accurately determine the amount of water lost during the red planet’s evolution 
history.   
Another fact to be considered while modeling the multiple scattering process at 
Mars is the thermal velocity of the H atoms in the martian exosphere which will cause a 
small Doppler shift in the wavelength of photons absorbed and re-released. The most 
probably speed of an H atom from a population obeying a Maxwell-Boltzmann velocity 
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distribution at a mean temperature of 250 K is ~2 km/sec which produces a Doppler shift 
of 0.016 Å from the line center. This is the approximate width of the martian Lyman α 
spectral emission line due to Doppler broadening, which is very small (1.6 %) when 
compared to the total width of the Lyman α line (~1 Å). Therefore most of the atoms 
undergo scattering very close to the line center, where the optical depth is highest 
[Section 3.3.1]. 
In order to model this emission we have constructed a radiative transfer (RT) 
model based on Chaufray et al. [2008] which takes into account multiple scattering 
effects from an optically thick atmosphere. This model has been tested against the one 
constructed by Chaufray et al. [2008] and they produce similar results under identical 
conditions provided as input to the model. The model requires a number density profile 
for hydrogen as its main input parameter. Since there are no measurements pertaining to 
the number density profile of H in the atmosphere of Mars, a physics based modeled 
density profile has been used as an input to the radiative transfer model. The number 
density modeling process is detailed under section 3.1 of this Chapter. The simulated 
intensity derived as an output from the radiative transfer model is then convolved with 
the instrument Point Spread Function (PSF) to obtain the final modeled intensity which is 
then compared to the HST data. 
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 3.1. Modeling the Hydrogen Number Density Profile in the Martian 
Atmosphere 
 The H number density profile has been constructed based on the method 
presented in Chaufray et al. [2008]. A spherically symmetric atmosphere extending from 
80 km to 50,000 km above the surface of Mars is considered. Below 80 km the optical 
depth of the atmosphere is taken to be infinity corresponding to complete CO2 photo-
absorption of the Lyman α photons. Above 50,000 km the number density of hydrogen is 
taken to be zero. The exobase at Mars for the modeling process is considered to be at an 
altitude of 200 km. At this altitude the mean free path of the atmospheric constituents 
equals the scale height of the atmosphere at those altitudes, thereby resulting in a 
collisionless regime.  
In order to construct the hydrogen profile, the atmosphere is divided into three 
separate altitude ranges. Above the exobase, due to the lack of collisions, the 
Chamberlain approach without satellite particles has been applied to estimate the H 
number density profile with altitude. Below the exobase, between 120 km and 200 km, 
the density profile has been constructed using a simplified diffusion model, which only 
incorporates the diffusion of H in a CO2 background. This approach is suitable for Mars 
since it has a primarily CO2 atmosphere. In the lowermost altitude range between 80 km 
and 120 km, an elementary approach of a linear decrease is assumed without constructing 
a fully functional diffusion model. The number density of H is taken to be a constant of 
the value 7 × 106 cm-3 from Krasnopolsky’s [2002] model estimates for solar mean 
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conditions, and a linear fit is taken between the H density calculated at 120 km and this 
constant assumed at 80 km. Since the atmosphere is well mixed in this region, any 
changes in number density at 80 km do not significantly alter the intensity at high 
altitudes. For example, a 10% change H density at 80 km produces a difference in 
intensity of less than 1 % in the Lyman α emission at Mars at all altitudes. A brief 
description of the Chamberlain model for the exosphere is provided under section 3.1.1 
and a description of the diffusion model for the lower atmosphere is provided under 
section 3.1.2. 
 3.1.1 Chamberlain’s Model for a Collisionless Exosphere (200 – 50,000 km) 
 Chamberlain [1963] used Liouville’s theorem to calculate the number densities of 
particles as a function of radial distance above the exobase, where the number of 
collisions are negligible on account of low particle densities, and the only force acting on 
those particles is the force of gravity from the parent planet. Liouville’s equation 
describes the time evolution of the phase space distribution function (f). It states that the 
density distribution function is a constant along any trajectory in phase space;  
                                          !"!" +    !"!!! 𝑞! +    !"!!! 𝑝!!!!!   = 0                                           (3.1) 
In the above equation, f represents the distribution function in phase space, q represents 
the position coordinates (x,y, and z), and p represents the momentum coordinates (px, py, 
and pz). In the tenuous regions of planetary atmosphere where particle collisions are rare, 
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the spatial and momentum distributions of the particles are governed by Liouville’s 
equation, which is equivalent to Boltzmann’s equation without collisions.  
 In order to derive the number density distribution of exospheric particles as a 
function of radial distance, Chamberlain [1963] assumed a spherical atmosphere with an 
isotropic, Maxwell-Boltzmann distribution function for particle velocities at a mean 
temperature Texo and a starting number density nexo at the exobase. The phase space 
density distribution function in a spherical polar coordinate system for such a population 
of particles is given by the following relation: 
             𝑓 𝑟,𝑝! ,𝑝! =    !!"#(!!  !  !!  !!"#)!/!   𝑒!(!!!"#!  !!)  𝑒! !!!!  !  !!  !!"#  !   !!!!  !  !!  !!"#  !!           (3.2) 
Here 𝑘! is Boltzmann’s constant, m the mass of the particles constituting the atmosphere, 𝑝! and 𝑝! the momentum of the particles in the radial and 𝜃 direction, and 𝜆! is the ratio 
of the squares of the escape velocity to the thermal velocity of the particles. 
                                                          𝜆! =    !!"#!!! ! =    !  !  !!!  !!"#  !                                       (3.3) 
Equation (3.2) is valid for all combinations of 𝑝! and 𝑝! values (0 <  𝑝! ,𝑝!< ∞) allowed 
by the equations of motion and give the distribution function at any radial distance. An 
integration of this distribution function (Eq. 3.2) over all momentum space will give the 
form of the number density as a function of the radial distance.  
                                           𝑛 𝑟 = 𝑓 𝑟,𝑝! ,𝑝!   𝑑𝑝!   𝑑𝑝!   𝑑𝑝∅!!!                               (3.4) 
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After integration the expression reduces to the following form: 
                                                         𝑛 𝑟 =   𝑛!"#  𝑒!(!!!"#!  !!)                                     (3.5) 
Equation (3.5) is a generalized form of the barometric law which determines the 
dependence of pressure or density of a gas on altitude in a gravitational field. The 
barometric law is readily derived from the equation of hydrostatic equilibrium and the 
ideal gas law, and is valid regardless of the form of the distribution function as long as 
the gas pressure is isotropic and the mean kinetic energy per atom is a constant times the 
temperature. It can be noted that the density at infinity is a constant. The derivation of 
Equation (3.5) is a direct consequence of the assumption of a Maxwell-Boltzmann 
velocity distribution for the particles even in the collisionless regime of the exosphere, 
provided the momenta of the particles in the region extends over all possible values, 
resulting in the mean kinetic energy per atom remaining unchanged with radial distance 
and the barometric law naturally emerges. However, in reality, at substantial distances 
above the exobase, the barometric law breaks down. This is because the pressure from 
collisions at large distances becomes decidedly directional, and the mean kinetic energy 
per atom decreases as the atoms belonging to the lower energies in the spectrum do not 
make it to higher altitudes. Therefore the atmosphere is not strictly in hydrostatic 
equilibrium. In order to treat this effect carefully and determine the radial density 
distribution accurately, Chamberlain in his 1963 paper considered the orbits of individual 
particles in the exosphere of planets divided into three categories; ballistic, satellite, and 
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escaping orbits. The particle number density as a function of radial distance given by 
Equation (3.5) is now modified to have the following form:      
                                                     𝑛 𝑟 =   𝑛!"#  𝑒!(!!"#!!!)  𝜉(𝑟)                                   (3.6) 
Here 𝜉(𝑟) is the total partition function at a particular radial distance r and is the sum of 
the partition functions of ballistic, satellite, and escaping particles. 
                                                 𝜉 𝑟 =   𝜉!"# 𝑟 + 𝜉!"#(𝑟)+ 𝜉!"#(𝑟)                             (3.7) 
A brief summary of the different types of orbits and the form of their partition functions 
are given below. 
Ballistic Orbits 
 The term ballistic is used to describe particles that rise from the exobase in an 
elliptical orbit and eventually fall back. The orbits of these particles are restricted by two 
conditions, their total energy is negative and their orbits must intersect the exobase. The 
partition function for these particles have the following form: 
                 𝜉!"# 𝑟 =    !! 𝛾 !! , 𝜆(𝑟) −    (!!"#! !!!)!!"#      𝑒!!!     𝛾 !! , 𝜆 𝑟 − 𝜓!             (3.8) 
Here 𝛾 !! , 𝜆(𝑟)  and 𝛾 !! , 𝜆 𝑟 − 𝜓!  represent incomplete Gamma functions which 
have solutions like complete Gamma functions and have the following form: 
                                                        𝛾 𝛼, 𝑥 =    𝑡!!!  𝑒!!  𝑑𝑡!!                                       (3.9) 
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 𝜓! in Equation (3.8) is given by the expression 
                                                                  𝜓! =    !!(!)! ! !!!"#                                           (3.10) 
Satellite Orbits 
 These particles, like ballistic particles, also have negative total energies but their 
orbits do not intersect the exobase level. Satellite orbits are created from the rare 
collisions between ballistic particles that take place in the region above the exobase due 
to processes such as photoionization. If there are no loss mechanisms for these particles, 
then even the exceedingly rare collisions will eventually establish an isotropic 
distribution for all particles present in the exosphere. The partition function for these 
particles has the following form: 
                                    𝜉!"# 𝑟 =    !!    (!!"#! !!!)!!"#      𝑒!!!     𝛾 !! , 𝜆 𝑟 − 𝜓!                    (3.11) 
Here 𝛾 !! , 𝜆(𝑟)  and 𝛾 !! , 𝜆 𝑟 − 𝜓!  represent incomplete Gamma functions and has 
the form given by Equation (3.9). 𝜓! is given by the same expression represented by 
Equation (3.10) under ballistic orbits. 
 We have not considered satellite particles in our modeling process as they are 
created by rare collisions in the exosphere, which is mostly considered to be collisionless. 
Therefore the population of satellite particles is negligible in comparison to the other 
types of particles (ballistic and escaping particles) present in the exosphere. 
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Escaping Orbits 
 These are particles that have enough energy to escape the gravitational potential 
of the parent planet, i.e. they have velocities higher than the escape velocity of the planet. 
Particles that have escaping orbits satisfy two conditions: their energy should be positive 
and their orbits must arise from the exobase level. These particles are responsible for the 
Jeans escape which is briefly summarized under Section 3.2 [Jeans, 1925]. The partition 
function for these particles has the following form: 
      𝜉!"# 𝑟 =    !! 𝛾 !! − 𝛾 !! , 𝜆(𝑟) − (!!"#! !!!)!!"#      𝑒!!!     𝛾 !! , 𝜆 𝑟 − 𝜓!          (3.12) 
Here 𝛾 !! =   𝛾 !! ,∞ , 𝛾 !! , 𝜆(𝑟)  and 𝛾 !! , 𝜆 𝑟 − 𝜓!  are Gamma functions which 
have the form given by Equation (3.9) and 𝜓! is represented by Equation (3.10).  Figure 
3.1 presents an illustration of the three types of orbits i.e. ballistic, satellite and escaping 
orbits around a planet. 
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Figure 3.1: Different type of orbits assumed by particles in a collisionless exosphere of a 
planet moving only under the influence of gravitational force of the planet. The green 
circle marks the altitude of the planet’s exobase.  
 
    The final form of the number density as a function of radial distance derived 
from the assumption of a collisionless exosphere based on Chamberlain’s method is 
represented by the following equation: 
                                         𝑛 𝑟 =   𝑛!"#  𝑒!(!!"#!!!)  [𝜉!"# 𝑟 + 𝜉!"#(𝑟)]                     (3.13) 
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This equation has been used in the model to derive the number density at altitudes greater 
than 200 km, which has been assumed to be the altitude of the exobase for Mars in the 
modeling process. Figure 3.2 shows the Chamberlain number density profile for atomic 
hydrogen in the exosphere of Mars at a mean temperature of 350 K at the exobase and an 
exobase number density of 3 × 104 cm-3. 
 
Figure 3.2: Number density profile for atomic hydrogen in the exosphere of Mars using 
the Chamberlain method for an exobase temperature of 350 K and a density of 3 × 104 
cm-3. The starting altitude of the profile is 200 km. 
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3.1.2. Simple Diffusion Model for the Lower Atmosphere of Mars (120 km – 
200 km) 
 Estimation of the number density profile for hydrogen in the martian atmosphere 
below the exobase has been done using a simple diffusion model, which only considers 
the diffusion of H in CO2 in the atmosphere of Mars between altitudes of 120 and 200 
km. At these altitudes CO2 is by far the most dominant constituent in the atmosphere of 
Mars, which is evident from the number density profiles for various constituents in the 
atmosphere of Mars modeled by Krasnopolsky [2002] under solar median conditions 
(F10.7 ~140). Figure 2 in Krasnopolsky [2002] representing the neutral density profiles 
for different martian atmospheric constituents is presented in Figure 3.3 below.   
 
Figure 3.3: Composition of Mars’ upper atmosphere at median solar activity (Fig. 2 in 
Krasnopolsky [2002]). 
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Estimating the number density profile for CO2 in the atmosphere of Mars 
 The number density profile of CO2 in the atmosphere of Mars can be obtained by 
solving the equation of hydrostatic equilibrium which is as stated below: 
                                                       !"!" = −𝜌𝑔                                                  (3.14) 
Here r represents an arbitrary radial distance from the center of the planet, P the 
atmospheric pressure as a function of r and g the acceleration due to gravity which is also 
a function of r and has the form 𝑔 = !"!!   with G as the universal gravitational constant 
and M as the mass of the planet (Mars). The final term 𝜌 in Equation (3.14) represents the 
density of CO2 as a function of radial distance in the atmosphere of Mars given by 𝜌 = 𝑛 𝑟   𝑚!"! with n as the number density of CO2 and 𝑚!"! as the mass of the CO2 
molecule. The pressure term on the left hand side of Equation (3.14) can be substituted in 
terms of number density using the Ideal Gas Law that has the following form: 
                                                             𝑃 = 𝑛 𝑟   𝑘!  𝑇(𝑟)                                            (3.15) 
𝑘! is Boltzmann’s constant and T is the temperature which is a function of altitude. 
Differentiating the above with r we have 
                                                 !"!" = 𝑘!  𝑇 𝑟   !"!" + 𝑘!  𝑛 𝑟 !"!"                                    (3.16) 
Now substituting Equation (3.16) in Equation (3.14) and integrating the equation for n(r), 
we have the final form of number density as a function of r, which is as follows: 
	  	  	  
71	  
                                                        𝑛 𝑟 = 𝑛 𝑟!   𝑒!    !"!!(!!)!!!                                        (3.17) 
The starting distance 𝑟! is taken to be 80 km and the number density of CO2 at this 
altitude is given a constant value of 2.6 × 1013 cm-3 from Krasnopolsky’s [2002] 
photochemical model runs. The term H(r) in Equation (3.17) represents the scale height 
of the atmosphere as a function of radial distance and is given by the following relation:   
                                                         !!(!) = !  !  !!"!!!  ! !   !! + !!(!)   !"!"                                    (3.18)      
The temperature profile used in this analysis is represented by an analytic expression 
used by Krasnopolsky [2002] for his photochemical modeling process and is given by; 
                                                 𝑇! = 𝑇! − 𝑇! − 125   𝑒!   !  !  !" !!!.!    !!                               (3.19) 
The r in the above relation is the radial distance in km and 𝑇! is the temperature assumed 
at 300 km. While deriving the temperature profile of the atmosphere of Mars using the 
above relation, we have fixed the temperature to be the exobase value at altitudes above 
the exobase which is assumed to be at 200 km in our modeling process. Once the 
temperature profile has been constructed using Equation (3.19) the number density 
profile for CO2 in the martian atmosphere can then be determined based on Equation 
(3.17). The CO2 density is observed to fall off very rapidly with altitude in the 
atmosphere of Mars. 
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 Estimating the number density profile for H in the atmosphere of Mars 
 Below the exobase between 120 and 200 km the H density has been approximated 
by solving the diffusion equation [Hunten, 1973], and the equation for hydrogen flux 
from Krasnopolsky [1993] is given below:  
Φ! 𝑟 =   − 𝐷! + 𝐾 !!!!" −    𝐷! !"!!!!!(!)!! + !!!!! !"!" + 𝐾 !"#!!!(!)!! + !! !"!" 𝑛!    (3.20)  
Only the diffusion of H in CO2 is considered as CO2 is the major constituent in the 
martian atmosphere at lower altitudes (< 200 km). In Equation (3.20), DH is the diffusion 
coefficient of H in CO2 given by the relation 𝐷! = !  !!(!)!(!)   where A = 8.4 × 1017 cm2 s-1 
and s = 0.6 for atomic hydrogen [Hunten, 1973]. K is the eddy diffusion coefficient in 
Equation (3.20) and has the expression 𝐾 𝑟 =   1.2×10!" !!!(!)   𝑐𝑚!𝑠!! with 𝑇! as the 
temperature of the atmosphere at 300 km [Krasnopolsky, 2002]. μ is the reduced mass for 
the system and is given by the formula  𝜇 = !!"!  !  !!! . The thermal coefficient factor 𝛼! 
equals -0.25 for H [Krasnopolsky, 2002]. Equation (3.20) can be solved using the 
continuity equation and ignoring the production and loss terms to obtain a solution for the 
number density with altitude. 
 The basic continuity equation for atmospheric constituents is given by  
                                                                !!!" = 𝑃 − 𝑛𝐿                                                 (3.21) 
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Here Φ is the diffusion flux and !!!"  is the change in the diffusion flux in the atmosphere. 
P and L represent the production and loss terms and n the number density of a particular 
atmospheric constituent of the planet. On ignoring the production and loss terms in 
Equation (3.21), the diffusion flux Φ becomes a function of altitude. 
 For a spherical density distribution the diffusion flux as a function of radial 
distance can be written as  Φ 𝑟 ∝ !!!  which leads to the following relation: 
                                                             Φ 𝑟 =    !!! !Φ(𝑟!)                                        (3.22) 
Here 𝑟! represents the altitude of the exobase and Φ(𝑟!) the Jeans escape flux from the 
exobase (Section 3.2). Substituting Equation (3.22) in Equation (3.20) and solving for 
number density as a function of altitude we have the following: 
                                            𝑛! 𝑟 =   𝑎 𝑟     𝑛! 𝑟! − 𝑏 𝑟   Φ! 𝑟!                             (3.23) 
𝑎 𝑟  and 𝑏 𝑟  have the following expressions: 
                                                      𝑎 𝑟 =   𝑒𝑥𝑝 − 𝑓! 𝑟! 𝑑𝑟′!!!                                (3.24) 
              𝑏 𝑟 =   𝑒𝑥𝑝 − 𝑓! 𝑟! 𝑑𝑟′!!! × 𝑓! 𝑟!   𝑒𝑥𝑝 𝑓!(𝑟")  𝑑𝑟"!!!!   𝑑𝑟′!!!         (3.25) 𝑓! 𝑟  and 𝑓! 𝑟  have the following form: 
                𝑓! 𝑟 =    !!!!! 𝐷! !  !  !!!!  ! !   !! + !!!!!   !"!" + 𝐾 !  !  !!!  ! !   !! + !!   !"!"               (3.26) 
                                                               𝑓! 𝑟 =    !!!!! !!! !                                       (3.27) 
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The number density at the exobase 𝑛! 𝑟!  and the mean temperature of the H atoms at 
the exobase 𝑇(𝑟!) are the two free parameters in determining the number density profile 
for H in the atmosphere of Mars. 
 An example of a number density profile generated by the diffusion model for an 
exobase temperature of 265 K and an exobase number density of 1 × 105 cm-3 is 
presented in Figure 3.4a below, along with a comparison plot from Krasnopolsky’s 
[2002] density profiles for H and CO2 generated by his photochemical model under the 
same conditions of exobase density and temperature and medium solar activity (F10.7 ~ 
140) in Figure 3.4b. 
 
Figure 3.4a: This figure shows the output of the H and CO2 number density profiles from 
the simple diffusion model described in Section 3.1.2. For comparison with 
Krasnopolsky’s [2002] photochemical model for similar conditons, the output is 
presented in the figure below. 
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Figure 3.4b: Ouput number density profiles for H and CO2 from Krasnopolsky’s [2002] 
photochemical model (adapted from Krasnopolsky [2002]) 
 
 3.2 Jeans Escape From Planetary Atmospheres 
 Assuming a Maxwell-Boltzmann velocity distribution for the particles in the 
exosphere of a planet, a certain percentage of the population, preferentially particles 
residing in the high-energy tail of the Maxwell-Boltzmann velocity distribution curve, 
have enough energy to escape the gravitational potential of the planet. This happens if the 
particle’s motion is not hindered by collision with other particles, which is possible in the 
exosphere of a planet where low number densities lead to a negligible probability for 
collisions. This thermal escape mechanism for particles from planetary atmospheres is 
called as Jeans escape.  This escape is substantial for lighter atoms like hydrogen. The 
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derivation of the formula to calculate the Jeans escape flux from the atmosphere of 
planets is discussed below.  
 At any height above the exobase the net number of particles moving outwards 
across a unit area perpendicular to the radius vector may be expressed symbolically as 
                                                    ∅!"# = !!!   𝑓 𝑞! ,𝑝!     𝑑!𝑝!                                       (3.28) 
Here 𝑝! is the momentum in the radial direction, m the mass of the particle, 𝑞! the three 
position coordinates, 𝑝!  the three momentum coordinates and 𝑓 𝑞! ,𝑝!  the density 
distribution function of the particles in phase space. This equation upon all allowed 
momentum coordinates will result in the final expression for the Jeans escape flux from 
the atmosphere of planets and is as follows: 
                                             ∅!"# 𝜆 =    ! !!     !!!!     !!!! !    !!!!   !!!!!                                    (3.29) 
In the above equation 𝑛 𝑟!  is the number density at the exobase, 𝑈!! is the thermal 
velocity of the particles in the atmosphere of the planet given by the relation              𝑈!! = !!!!! , and 𝜆 is the thermal and escape velocities for the particles as represented 
by Equation (3.3). This escape flux decreases as 𝑟!! as it must satisfy the equation of 
continuity. 
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 3.3 Radiative Transfer Model  
 The exosphere of Mars is optically thick in Lyman α, which has a central 
wavelength of 1215.67 Å [Anderson, 1974]. Therefore we have constructed a radiative 
transfer (RT) model in order to model the resonantly scattered solar Lyman α radiation 
from the hydrogen exosphere of Mars. This model takes into account multiple scattering 
effects from an optically thick atmosphere of τ < 200 at line center and provides a better 
estimate of the line of sight intensity. This modeled intensity is then convolved with the 
instrument’s Point Spread Function (PSF) and compared to the HST data obtained for 
Mars. 
 3.3.1 Assumptions and Inputs for the RT Model 
 The radiative transfer model is based on the assumptions of Thomas [1963]. 
These assumptions are briefly discussed below. 
• A uniform atmosphere, i.e., an atmosphere that is spherically symmetric and 
isothermal in nature. The isothermal condition in the exosphere is an 
approximation because the actual average kinetic energy is decreasing with 
altitude. Although the assumption that the temperature is constant with height is 
applied above the exobase (200-50,000 km), this assumption works well for the 
modeling process. This is because the portion of atmosphere below the exobase 
with a variable temperature (80-200 km) comprises of only 0.24 % of the altitude 
range for the total modeled atmosphere. 
	  	  	  
78	  
• The particles in the exosphere are assumed to follow a Maxwell-Boltzmann 
velocity distribution. This is because the majority of the H atoms in the martian 
exosphere likely come from a population in thermal equilibrium with the 
collisionally dominated lower atmosphere from which they originate. 
• A flat solar line close to the center of the Lyman α profile. The solar Lyman α line 
has a width of 1 Å with the line center at 1215.67 Å. Most of the Doppler shifted 
absorption and emission in the martian exosphere take place very close to line 
center where the changes in flux with respect to wavelength are negligible. The 
shape of the solar Lyman α profile (black) along with the martian Lyman α profile 
(red) is displayed in Figure 3.5. 
• Gaussian-Dopplerian absorption profiles which follows from the particles having 
a Maxwell-Boltzmann velocity distribution function. 
• The particles follow Complete Frequency Redistribution (CFR), which generally 
means that there is complete incoherence of frequency in the scattering process. 
The physical justification of CFR is that the incident photons with frequencies in 
the Doppler core of the line are mostly scattered by atoms with velocities near the 
thermal speed. The scattered photon also has a high probability of having a 
frequency near the Doppler core [Jefferies and White, 1960] demonstrating the 
independence between absorption and emission frequencies. This principle works 
for atmospheres with optical depths τ < 200 at line center since very few particles 
have enough energy to scatter in the wings of the line profile which can then be 
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neglected. The exosphere of Mars has a vertical optical depth of τ ~ 5 along the 
limb of the planet, above 80 km [Anderson, 1974].  
• The atmosphere is modeled from 80 – 50,000 km with the density equal to 0 
above 50,000 km and complete CO2 absorption happening at altitudes below 80 
km. 
 
Figure 3.5: This figure shows the average shape of the solar Lyman α profile as 
measured from space (black) over-plotted with the martian Lyman α emission profile 
(red) assuming a 250 K temperature for the atmosphere of Mars. The martian emission 
profile is extremely narrow in width compared to the width of the solar Lyman α line. 
 
 
There are two free parameters in the RT model: the mean temperature of the H atoms 
at the exobase and their exobase number density.  Various combinations of exobase 
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temperature and density have been used to create number density profiles for H and CO2 
using the Chamberlain model, and the diffusion model described in Sections 3.1.1 and 
3.1.2 will serve as inputs into the RT model.  
 3.3.2 Radiative Transfer Theory 
 Under the assumptions of Thomas [1963] the integrated intensity along a 
particular line of sight in the atmosphere of Mars is given by the equation below: 
                     𝐼 𝑟,Ω =    !(!)!! 𝜀! 𝑟   𝑇 𝜏   𝑒!!!!!   𝑑𝑟 +    !!!   𝜀! 𝑟   𝑇 𝜏   𝑒!!!"!    𝑑𝑟      (3.30) 
In the above equation 𝑃(𝜃) is the scattering phase function with 𝜃 as the scattering angle 
and has the following form: 
                                                          𝑃 𝜃 =    !!!" +   !!   𝑐𝑜𝑠!𝜃                                       (3.31) 
The scattering phase function 𝑃 𝜃  gives the probability of scattering of a photon in any 
given direction with respect to its original path of traversal. The variables 𝜏 and 𝜏!"!    in 
Equation (3.30) represents the line of sight optical depth of atomic hydrogen and CO2 
respectively.  
                                                              𝜏 = 𝜎!(𝑇) 𝑛! 𝑟 𝑑𝑟                                     (3.32) 
                                                            𝜏!"! =   𝜎!"! 𝑛!"! 𝑟 𝑑𝑟                                 (3.33) 
In the above two equations 𝑛! 𝑟  and 𝑛!"!(𝑟) represent the number density of H 
atoms and CO2 molecules at a particular radial distance in the atmosphere of Mars. 𝜎!(𝑇) 
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represents the cross section for scattering of Lyman α photons by H atoms at line center 
and is a function of the exobase temperature (Section 3.3.2.1). The Lyman α absorption 
cross section of CO2 molecules is described by the variable 𝜎!"! which has a value of 6.3  ×  10!!"  𝑐𝑚!. 
The terms 𝜀! 𝑟   and 𝜀! 𝑟 in Equation (3.30) are the volume emission rates due to 
single and multiple scattering of Lyman α photons in the atmosphere of Mars in 
photons/cm3/sec and are given below. The derivation of these equations is given under 
Section 3.3.2.3. 
                                            𝜀! 𝑟 =   𝑔  ×  𝑛! 𝑟   ×  𝑇(𝜏!"#)  ×  𝑒!!!"!                           (3.34)  
                              𝜀! 𝑟 =   𝑔  ×  𝜎!  ×  𝑛!(𝑟)× !Ω!! 𝑆 𝑟 ′   𝐺 𝜏   𝑒!!!"!   𝑑𝑟′∞!             (3.35) 
In Equation (3.35) the variable 𝑔 is the frequency of scattering of solar Lyman α photons 
by atomic H in number per sec (Section 3.3.2.2), and 𝑆(𝑟!) is the multiple scattering 
source function in photons/cm3 and is related to the volume emission rate as           𝑆 𝑟 = !(!)! . The variables 𝑇(𝜏!"#)  and 𝐺 𝜏  in the above two equations are the 
Holstein transmission and absorption functions respectively [Holstein, 1947]. The 
Holstein transmission function 𝑇(𝜏) gives the probability of transmission of a photon 
after passing through an optical depth τ in the atmosphere. The Holstein absorption 
function 𝐺 𝜏  gives the probability of a photon to be absorbed after passing through an 
atmospheric optical depth τ. The variable 𝜏!"# represents the optical depth along a line of 
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sight directed towards the Sun. The Holstein transmission and absorption functions are 
given by the following equations: 
                                                 𝑇 𝜏 =    !! 𝑒!!!!!!!   𝑒!(!"!!!)  𝑑𝑥                             (3.36) 
                                                 𝐺 𝜏 =    !! 𝑒!!!!!!!!   𝑒!(!"!!!)  𝑑𝑥                            (3.37) 
The variable x is given by the relation; 𝑥 = !!!!!!!   where 𝜈! is the central frequency of the 
Lyman α line which has a value of 2.47 × 1015 Hertz and Δ𝜈! is the Doppler width of H 
atoms in the martian atmosphere with  Δ𝜈! = !!! !!!!! . 
3.3.2.1 Scattering Cross-section of Lyman α Photons by Atomic Hydrogen 
 The line center cross section σ for each H atom neglecting stimulated emission is 
given by: 
                                                             𝜎!! = 𝐵!" !!!!! 𝜙(𝜈!)                                        (3.38) 
Here 𝜈! is the central frequency of the Lyman α line, 𝐵!" the Einstein coefficient for 
stimulated emission and ℎ is the Plank’s constant. 𝜙(𝜈!) has the following form: 
                                                          𝜙 𝜈 = !!!! !     𝑒!   !  !  !  !!!! !                                  (3.39) 
                                                                 𝜙 𝜈! = !!!! !                                            (3.40) 
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where Δ𝜈!  is the Doppler width of the line in the martian atmosphere with               
Δ𝜈! = !!! !!!!! . The variables c, 𝑘!, m and T represent the velocity of light, Boltzmann’s 
constant, the mass of H atoms, and the mean temperature of H atoms in the martian 
exosphere (the exobase temperature) respectively. Inserting Equation (3.36) into 
Equation (3.34) we now have; 
                                                           𝜎!! = 𝐵!"   !!!!!    !!!! !                                         (3.41) 
This equation can be reduced to the following form: 
                                                            𝜎!! = !!!!!!   𝑓!" !!!! !                                         (3.42) 
Here e and me are the charge and mass of an electron. Substituting the values of e, me and 
the variables under Δ𝜈! in CGS units we derive the final form of the scattering cross 
section as follows: 
                                                   𝜎! = 1.16  ×  10!!"  𝜆! !!   𝑓!"                                    (3.43) 
In the above equation A is the atomic weight, T is the temperature, 𝜆! is the central 
wavelength of the line in Angstrom for which the scattering cross section (cm2) is being 
calculated, and 𝑓!" is the oscillator strength for that line. Substituting the values of A =1 
for atomic hydrogen and 𝜆! = 1215.67  Å and 𝑓!" = 0.4162 for Lyman α, we can derive 
the scattering cross section of atomic hydrogen at the Lyman α line center as a function 
of the exobase temperature; 
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                                                               𝜎! 𝑇 = !.!"×!"!!"!                                          (3.44) 
 3.3.2.2 Calculation of the Solar g Value at Mars 
 The solar g value at Mars can be calculated using the relation 
                                                   𝑔 = 𝑓!  ×  𝜎!  ×  ∆𝜈!  ×   𝜋                                          (3.45) 
Here 𝜎! is the Lyman α scattering cross section of atomic H given by Equation (3.44),  ∆𝜈! the Doppler line width at Mars, and 𝑓! the Lyman α line center flux at Mars. The 
value of 𝑓!  has been calculated using information from the SORCE database 
(http://lasp.colorado.edu/lisird/tss/composite_lyman_alpha.html) which contains the 
measured intensity between 121 and 122 nm at Earth [Rottman et al., 2006; and 
references therein]. These values obtained from the database contain the total line 
integrated intensity at Lyman α which is then used to derive the Lyman α line center flux 
by using the relation derived by Emerich et al. [2005]: 
                                      !!"!"  !!!!"!!!"!! = 0.64 !!"!!  !!!!"!! !.!"                           (3.46) 
Here f is the flux at line center and F is the total wavelength-integrated flux in the Lyman 
α line at Earth. The value F before being used in the above relation to obtain the line 
center flux has to undergo a solar longitude correction, which is due to the solar longitude 
difference between Earth and Mars and can be estimated from the degree of solar 
rotation. This correction in days is given below 
                                  𝑠𝑜𝑙𝑎𝑟  𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒  𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 =   ± !!"#°   ×  28  𝑑𝑎𝑦𝑠                 (3.47) 
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The angle 𝜃 here represents the angle between the Sun to Earth vector and the Sun to 
Mars vector. The value of ~28 days represents the Carrington rotation period for the Sun. 
The ± symbol in the front of the equation is determined from the relative position of 
Mars with respect to Earth in its orbit, which would either add or subtract x number of 
days from the day of observation for which the line integrated flux has to be considered. 
If Earth is ahead of Mars in orbit then the sign will be positive, and if Earth is behind 
Mars in orbit then the sign will be negative. 
 After calculating the line center flux for Lyman α at Earth (f), the line center flux 
at Mars can be obtained using the following relation: 
                                            𝑓!"#$ = 𝑓!"#$!× !"#  !"  !"#$!  !"#$%&'(!"#  !"  !"#$  !"#$%&'( !                          (3.48) 
 Substituting this value for fMars in Equation (3.45) the Lyman α g value at Mars in 
units of sec-1 can now be calculated for a particular day of observation.   
 3.3.2.3 Emissivity from Single and Multiple Scattering 
 Consider a martian atmosphere primarily made of H atoms and CO2 molecules 
and obeying the assumptions of Thomas [1963] as elaborated in Section 3.3.1. Let 𝑓! 
(photons/sec/cm2/Å) be the flux of solar Lyman α photons at line center that reach Mars. 
Not all the photons will be able to travel through the martian atmosphere, as some will be 
scattered by the H atoms along the path. Assuming a point “j” in the atmosphere of Mars 
which has an optical depth of 𝜏!"#! from the Sun at line center, the line profile for the 
Lyman α photons will be given by the following equation: 
	  	  	  
86	  
                                                  𝐹! 𝜈 = 𝑓!  𝑒! !!"#!  !! !!!!!!! !                                        (3.49) 
Here 𝜈! is the central Lyman α frequency and ∆𝜈! the Doppler width of the line at Mars. 
The shape of the optical depth at frequency ν is 𝜏!"#!  𝑒! !!!!!!! ! and follows a Gaussian 
profile as it moves away from line center due to the assumed Maxwellian velocity 
distribution for the hydrogen atoms in the atmosphere. Now the number of atoms per unit 
volume that would be in an excited state at a point “j” capable of releasing photons with a 
frequency 𝜈 is given by: 
                                                         𝜀!! 𝜈 = 𝐹! 𝜈   𝜎 𝜈   𝑛!                                       (3.50) 
In the above equation 𝜎 𝜈  is the scattering cross section of the H atoms at a frequency 𝜈 
and 𝑛! is the number density of H atoms at a point “j” in the atmosphere of Mars. 
Substituting Equation (3.49) in Equation (3.50) and integrating over all frequencies we 
have 
                                                           𝜀!! = 𝜀!! 𝜈   𝑑𝜈!!!                                           (3.51) 
Now substituting for 𝜎 𝜈  to be 𝜎 𝜈 =   𝜎!  𝑒! !!!!!!! ! and taking  𝑥 = !!!!!!!  we have: 
                                     𝜀!! = 𝑛!   𝜎!  𝑓!  Δ𝜈!    𝑒!!!!!!   𝑒! !!"#!   !!!! 𝑑𝑥                        (3.52) 
Now the form of the Holstein transmission function as given by Equation (3.36) can be 
substituted in the equation above, which becomes: 
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                                                   𝜀!! = 𝜋  𝑛!   𝜎!  𝑓!  Δ𝜈!  𝑇(𝜏!"#!)                                 (3.53) 
Now substituting the expression for the g value given by Equation (3.45) and considering 
absorption due to CO2 molecules in the atmosphere of Mars, Equation (3.53) can now be 
written as; 
                                            𝜀!!(𝑟) = 𝑔  ×  𝑛!(𝑟)  ×  𝑇 𝜏!"#!   ×  𝑒!!!"!                        (3.54) 
This is the expression for the volume emissivity due to single scattering in the martian 
atmosphere and is similar to Equation (3.34). 
 The volume emissivity from point “j” in the atmosphere of Mars is the sum of the 
single and the multiple scattering source terms (𝜀! = 𝜀!! + 𝑑𝜀!). In order to find the 
multiple scattering source term, consider another point “k” in the martian atmosphere. 
One has to calculate the influence of point “k” on point “j”. Let 𝜏!" represent the optical 
depth and 𝑑𝑠! the distance between the two points “j” and “k”. Now the emissivity at 
point “k” is given by the variable 𝜀!. The photons originating from point “k” will follow a 
Dopplerian profile with frequency due to the assumption of a Maxwell-Boltzmann 
velocity distribution for the H atoms in the atmosphere. Therefore the total number of 
photons per unit volume emitted from point “k” given as a function of frequency is as 
follows: 
                                                         𝐸! 𝜈 = !!  !!   𝑒! !!!!!!!   𝜀!                                  (3.55) 
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 These photons originating from the point “k” will travel isotropically in every direction. 
Some of these photons will reach point “j” whereas some of them will be scattered by the 
hydrogen atoms lying along the path between “k” and “j”. Let 𝑑Ω!" be the solid angle 
from which point “j” sees point “k”. Therefore the number of photons per unit volume 
that reach point “j” from point “k” through this solid angle after travelling through 
distance 𝑑𝑠! and optical depth 𝜏!" is:  
                                             𝑑𝐹!" 𝜈 = 𝐸!(𝜈) !!!"!!        𝑒! !!"  !! !!!!!!!
!
                        (3.56) 
The number of atoms per unit volume at point “j” excited by the photons arriving from 
point “k” is given by: 
                                                        𝑑𝜀!" 𝜈 = 𝑑𝐹!" 𝜈   𝜎 𝜈   𝑛!                                  (3.57) 
Here   𝑛! represents the number density at point “j”. Now substituting for 𝑑𝐹!" 𝜈  from 
Equation (3.55) and 𝜎 𝜈  as 𝜎 𝜈 =   𝜎!  𝑒! !!!!!!! ! in Equation (3.56) we have: 
             𝑑𝜀!" 𝜈 = !!  !!   𝑒! !!!!!!!   𝜀!   !!!"!!        𝑒! !!"  !! !!!!!!!
!   𝜎!  𝑒! !!!!!!! !   𝑛!             (3.58) 
Integrating the above equation over all frequencies we have: 
                                                           𝑑𝜀!" = 𝑑𝜀!" 𝜈   𝑑𝜈!!!                                       (3.59) 
Substituting 𝑥 = !!!!!!!  in the above equation we obtain: 
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                                       𝑑𝜀!" = !!!!!   !!!!!"!! 𝑒!!!!   𝑒!(!!"  !!!!)!!!   𝑑𝑥                       (3.60) 
The form of the Holstein absorption function given by Equation (3.37) can now be 
substituted in the above equation, which becomes: 
                                                       𝑑𝜀!" = 𝜎!𝑛!   𝜀!   !!!"!!   𝐺(𝜏!")                                  (3.61) 
Now considering CO2 absorption in the atmosphere, the total volume emissivity at point 
“j” is the sum of the contributions from all parts of the atmosphere. Therefore the 
equation above has the form:  
                           𝜀!! 𝑟 = 𝑔×𝜎!×𝑛! 𝑟 × !!!!    𝑆(𝑠!)  𝐺 𝜏!   𝑒!!!"!   𝑑𝑠!!!                 (3.62) 
This equation is similar to Equation (3.35) and therefore gives the volume emissivity at 
point “j” in the atmosphere due to multiple scattering.  
 3.3.3 Radiative Transfer Code 
 The solution to Equation (3.62) is both analytically and computationally an 
intensive one. Here we have used an iterative approach based on Quemerais and Bertaux 
[1993] to solve this equation. The construction of the radiative transfer model is based on 
this approach. 
 In order to find the volume emissivity contribution due to multiple scattering ℰ! 𝑟 , we first define a coordinate system with its origin at the center of the planet Mars. 
A vector oriented upwind from the origin to the Sun is taken to be the Z axis. An angle 𝜃, 
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defined as the angle between the Z axis and any vector, is taken to vary from              0° ≤ 𝜃 ≤ 180°. Another angle ∅ is considered to vary in the X-Y plane and has a range 
of 0° ≤ ∅ ≤ 360°. Figure 3.6 below is an illustration of the coordinate system used for 
the model. We then define an atmosphere around Mars (radius of 3390 km), which is 
based on the assumptions as highlighted in Section 3.3.1. We then define a set of grid 
points equally spaced in 𝜃 space and unequally spaced in the radial direction. The points 
are closer together at lower radial distances and become wider apart at higher altitudes. 
Axial symmetry around the Z axis is assumed in the model. Therefore each grid point is 
defined by its unique set of r and 𝜃 coordinates at which the total emissivity due to single 
and multiple scattering is to be computed. The number density of H and CO2 can be 
easily evaluated at these grid points through interpolation of the input density profile for 
each species. Next the single scattering emissivity is calculated at each of the grid points 
using Equation (3.54). For the calculation of the optical depth for H and CO2 along a line 
of sight, first the column densities are calculated along that line of sight and then 
multiplied by the scattering and absorption cross section of atomic H and CO2 
respectively at Lyman α. The scattering cross section of atomic H at Lyman α is given by 
Equation (3.44) and the absorption cross section of CO2 at Lyman α has been found to 
have a value of 6.3 × 10-20 cm-2.  
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                  Figure 3.6: Coordinate system used for the Radiative Transfer model. 
 
 For calculating the emissivity due to multiple scattering given by Equation (3.62) 
at all the grid points, an iterative method has been adopted under which a series of 
emissivity functions are defined which obey: 
                                                        𝜀!!! = 𝜀! +    𝐴 . 𝜀!                                             (3.63) 
𝜀!!! is a vector containing the emissivity at all the grid points after n+1 iterations, 𝜀! is a 
vector which has the emissivity due to single scattering at all the grid points, 𝜀! is the 
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total emissivity from single and multiple scattering at all grid points after the nth iteration, 
and A is the matrix of influence and is given by the expression: 
                                           𝑎!" = 𝜎!𝑛!   𝑔 !!!"!!!!"   𝐺 𝜏!" 𝑒!!!"!,!"   𝑑𝑠!                       (3.64) 
The dimensionless coefficient 𝑎!" represents the fraction of emissivity due to multiple 
scattering at point Pi which contributes to the total emissivity at point Pj. 𝑑Ω!" is the solid 
angle within which point Pi sees point Pj. The iterative procedure is conducted until 
convergence is achieved which is determined by the condition: 
                                                         !!!!!!!!!!!   ≤   𝛿 = 1×10!!                                  (3.65) 
In the above equation the norm for a vector indicates the length of the vector in the multi-
dimension space describing the vector. An illustration of the grid points in the model is 
provided in Figure 3.7 below. 
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Figure 3.7: This figure illustrates the uniformly spaced grid points taken in the model at 
which the total emissivity due to single and multiple scattering is calculated. 
 
 3.3.3.1 Calculating the Matrix of Influence 
 The elements of the matrix of influence represent the total contribution that each 
grid point receives from the rest of the atmosphere. In order to calculate these, a new 
coordinate system has to be defined with the grid point at which contributions are being 
calculated as the center of this coordinate system. Therefore, let us first assume a 
particular grid point “j” created in radial and theta space as described in Section 3.3.3 and 
presented in Figure 3.6. Now this grid point is represented by a particular r and 𝜃 value. 
To calculate the contribution of the rest of the atmosphere onto this grid point from 
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multiple scattering, consider this point “j” as the point of origin in another coordinate 
system. Let this coordinate system be called the secondary coordinate system whereas the 
one described in Section 3.3.3 is the main coordinate system. For the secondary 
coordinate system, the Z axis is taken to be a vector connecting point “j” to the center of 
the planet Mars and the X-Y plane is perpendicular to this vector. The angle between the 
Z axis and any vector in the secondary coordinate system is represented by angle 𝛾 
whereas the angle in the X-Y plane in this coordinate system is represented by the angle 𝛽. In order to calculate the contribution of the entire atmosphere at point “j”, different 
lines of sight (LOS) in different directions have to be drawn along which the contribution 
from multiple scattering can be calculated. The lines of sight are chosen via well-sampled 𝛾 and 𝛽 values covering all 4π solid angle. The contribution from one point along a 
particular LOS is described in the following paragraph, which can then be repeated for all 
the sampled lines of sight. Figure 3.8 below illustrates the main and the secondary 
coordinate system. 
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Figure 3.8: This figure depicts the point “j” in the main coordinate system at which the 
contribution from point M1 in the secondary coordinate system is calculated using the RT 
model. 
 
Consider a particular line of sight in the secondary coordinate system originating 
from point “j”. Moving along this LOS by a small distance ds, consider an arbitrary point 
M1 from which the contribution to point “j” has to be calculated. This is done by 
following the steps below: 
• First find the coordinates of point M1 in the main coordinate system i.e. its r, 𝜃 
and ∅ coordinates. This is done by a coordinate transformation. The x, y and z 
coordinates of point M1 in the secondary coordinate system are given by the 
following relations 
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                                         𝑥!"#   = 𝑑𝑠    sin  (𝛾)    cos  (𝛽)                                 (3.66) 
                                         𝑦!"#   = 𝑑𝑠   sin 𝛾 sin 𝛽                                     (3.67) 
                                         𝑧!"#     = 𝑑𝑠   cos 𝛾                                                (3.68) 
The angle between the Z axis in the secondary coordinate system and the main 
coordinate system is equal to the 𝜃 value of the point “j”. In order to align the 
two coordinate systems, the secondary coordinate system has to be rotated in an 
anti-clockwise manner by angle 𝜃 , and the new 𝑥!"# , 𝑦!"#  and 𝑧!"#  values 
calculated in this rotated coordinate system which can be represented by 𝑥!"#! , 𝑦!"#!  and 𝑧!"#! .  
                                           𝑥!"#! =   𝑥!"#                                                       (3.69) 
                                           𝑦!"#! =   𝑦!"#   cos 𝜃 +   𝑧!"#  sin  (𝜃)                 (3.70) 
                                           𝑧!"#! =   −𝑦!"# sin 𝜃 + 𝑧!"#  cos  (𝜃)                (3.71) 
The final coordinate M1 in the main coordinate system (xm , ym , zm) will have x, 
y, z values for coordinate “j” added to 𝑥!"#! , 𝑦!"#!  and 𝑧!"#! .  
         𝑥! =   𝑥! + 𝑥!"#! = 𝑟 sin 𝜃 cos ∅ + 𝑑𝑠 sin 𝛾 cos  (𝛽)                                  (3.72) 
         𝑦! =   𝑦! + 𝑦!"#! = 𝑟 sin 𝜃 sin ∅ +   𝑑𝑠 sin 𝛾 sin 𝛽 cos 𝜃 +   𝑑𝑠 cos 𝛾 sin 𝜃  
                                                                                                                                      (3.73)                      𝑧! =   𝑧! + 𝑧!"#! = 𝑟 cos 𝜃 −   𝑑𝑠 sin 𝛾 sin 𝛽 sin 𝜃 +   𝑑𝑠 cos 𝛾   cos  (𝜃)     
                                                                                                                                      (3.74) 
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• Once the coordinates of point M1 have been calculated in terms of the main 
coordinate system (𝑟!! ,𝜃!! ,∅!!), find the four closest main grid points (grid 
described in Section 3.3.3) to point M1. These points are considered to be at the 
same distance from “j” as M1 and therefore at the same optical depth. Since the 
atmosphere considered in the model is symmetric in ∅ space, the four closest 
points can be found by finding the two closest radial and 𝜃 values from M1’s 
coordinates. Let their coordinates be (𝑟!,𝜃!), (𝑟!,𝜃!), (𝑟!,𝜃!), and (𝑟!,𝜃!). These 
coordinates can be visualized with the help of Figure 3.9 as illustrated below. 
 
 
Figure 3.9: This figure represents the point M1 in the secondary coordinate 
system, the influence of which has to be calculated at point “j” in the main 
coordinate system. The four points 1, 2, 3 and 4 represent the four closest points 
to M1 in the main coordinate system, the influence of which when calculated at 
M1 can be used to find its influence at point “j” in the main coordinate system. 
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Now the contribution from these four points to M1 will be directly proportional 
to their corresponding areas S1, S2, S3 and S4 given by: 
                                         𝑆! = (𝑟! − 𝑟!!)!    𝑎𝑏𝑠(𝜃! − 𝜃!!)                        (3.75) 
                                         𝑆! = (𝑟! − 𝑟!!)!    𝑎𝑏𝑠(𝜃!! − 𝜃!)                        (3.76) 
                                         𝑆! = (𝑟!! − 𝑟!)!    𝑎𝑏𝑠(𝜃! − 𝜃!!)                        (3.77) 
                                         𝑆! = (𝑟!! − 𝑟!)!    𝑎𝑏𝑠(𝜃!! − 𝜃!)                        (3.78) 
The contribution to the matrix of influence of point “j” from these four points is 
as follows: 
                            𝑎!" 𝑝𝑜𝑖𝑛𝑡  1 =   𝑎!" 𝑝𝑜𝑖𝑛𝑡  1 + 𝑎!    !!!"!#$                        (3.79) 
                            𝑎!" 𝑝𝑜𝑖𝑛𝑡  2 =   𝑎!" 𝑝𝑜𝑖𝑛𝑡  2 + 𝑎!    !!!"!#$                        (3.80) 
                           𝑎!" 𝑝𝑜𝑖𝑛𝑡  3 =   𝑎!" 𝑝𝑜𝑖𝑛𝑡  3 + 𝑎!    !!!"!#$                        (3.81) 
                            𝑎!" 𝑝𝑜𝑖𝑛𝑡  4 =   𝑎!" 𝑝𝑜𝑖𝑛𝑡  4 + 𝑎!    !!!"!#$                        (3.82) 
Here “total” represents the sum of all the areas, 𝑡𝑜𝑡𝑎𝑙 = 𝑆! + 𝑆! + 𝑆! + 𝑆!  . 
Each of these points can have multiple contributions to the point “j” and the 
sum of all these contributions make up the element 𝑎!". The variable 𝑎! is given 
by the expression: 
                                           𝑎! = 𝑛!   𝜎!   !!!"!!   𝐺 𝜏!"   𝑒!!!"!   𝑑𝑠                     (3.83) 
In the above equation 𝑛! is the number density at point “j”,  𝜎! the scattering 
cross section of H, 𝐺 𝜏!"  the Holstein absorption with 𝜏!" as the H optical 
depth between points M1 and “j”, 𝜏!"! the CO2 optical depth between along a 
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vector connecting M1 and “j”, ds the distance between M1 and “j”, and 𝑑Ω!" is 
the solid angle for which M1 can see “j”. The solid angle is given by: 
                                                       𝑑Ω!" = 𝑠𝑖𝑛𝛾  𝑑𝛾  𝑑𝛽                                (3.84) 
In the above expression 𝑑𝛾 and 𝑑𝛽 can be expressed by the following relation 
                                                       𝑑𝛾 = !!!!! + !!!!!                                     (3.85) 
                                                       dβ = !!!!! + !!!!!                                    (3.86) 
The angles 𝛾 and β represent the coordinates of the point M1 in the secondary 
coordinate system with 𝛾!, 𝛾!, β! and β! being the two closest coordinates in the 𝜃 and 𝜙 direction. If  𝛾 = 0° or 180º then the expression for the solid angle 
becomes 
                                                    𝑑Ω!" = 2π(1− cosdγ)                             (3.87) 
The above method can now be repeated for all lines of sight from point “j” as well as for 
other grid points in the main coordinate system. This will give the values of all the 
elements in the matrix of influence, which can then be substituted in Equation (3.63) to 
obtain the single and multiple scattering emissivities at all the grid points. 
 3.3.3.2 Calculating the Intensity Along a Line of Sight 
 Once the volume emissivity values at all the grid points have been calculated 
using the Radiative Transfer (RT) model, these can then be used to calculate the line of 
sight intensities and compared to the data. Since the simulated intensities are to be 
compared to HST observations which are on a 2000 × 2000 pixel image, the same output 
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is desired for the modeled image to facilitate a comparison between data and model. In 
order to create the output image, first the positions of the Sun, Earth, and Mars with 
respect to each other on the day of observation have to be determined. The SPICE toolkit 
developed by NASA’s Navigation and Ancillary Facility (NAIF) has been used 
extensively for the purpose of determining the positions and characteristics of solar 
system objects. Since Hubble Space Telescope is in orbit around Earth, the observer’s 
line of sight vector is taken to be along the vector joining Earth and Mars. Using the 
source functions from a particular radiative transfer model run, the line of sight intensities 
are then calculated by substituting values in Equation (3.30). The scattering angle is 
determined by subtracting the Sun-Mars-Earth angle (phase angle) from 180º. The 
simulated image is overlaid on a 251×251 pixel grid, which is then bilinearly interpolated 
to obtain the final 2000×2000 model picture for a particular day of observation. The 
modeled image has the same plate scale as the HST data for a particular day of 
observation, which is then used in the data analysis process. An example of a simulated 
image for 15th October 2007 is shown in Figure 3.10 below. This image has been created 
with an RT model run for an exobase temperature of 440 K and an exobase number 
density of 1.05 × 105 cm-3 for atomic hydrogen in the exosphere of Mars. 
	  	  	  
101	  
 
Figure 3.10: This figure is an output from the radiative transfer model and represents the 
Lyman α airglow from the hydrogen exosphere at Mars on 27th October 2007 with a 
phase angle of 40°. The original output which is a 2000 × 2000 pixel image has been re-
binned into a 1000 × 1000 pixel image. 
 
 The radiative transfer model provides a better estimate for the brightness of the 
martian exosphere in Lyman α allowing us to properly determine the characteristics of 
the hydrogen population at Mars. With the Hubble Space Telescope it has been possible 
to image the exosphere up to very high altitudes, which is not possible by Mars orbiting 
satellites, allowing us to model a more complete shape of the radial intensity curve for the 
exosphere of Mars. This high altitude observation is very important in the analysis 
process as will be clear in the next three chapters.    
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4. INITIAL ANALYSIS OF THE HST 2007 OBSERVATIONS 
 Mars is believed to have lost much of its surface water 3.5 billion years ago, but 
the amounts that escaped into space and remain frozen in the crust today are not well 
known. The history of water escape from Mars can be studied by understanding the 
detailed physics of the present-day escape of hydrogen from the atmosphere of Mars. The 
hydrogen atoms in the martian exosphere can be studied by imaging the scattered solar 
ultraviolet radiation by these atoms and the Hubble Space Telescope (HST) has been 
employed for imaging Mars in the ultraviolet (UV) in order to study the characteristics of 
this hydrogen layer.   
4.1 Background and Objective 
The upper atmospheres of all three terrestrial planets, Venus, the Earth, and Mars 
are slowly evaporating into space, with the highest loss rate being for the lightest atom, 
hydrogen. At Mars, water vapor is trapped close to the surface by condensation due to 
decreasing temperature with altitude. Solar near-UV radiation penetrates sufficiently deep 
into its atmosphere to dissociate H2O via the following reaction [Krasnopolsky, 1993]: 
H2O + ℎ𝜈 ⟶ H + OH (ℎ𝜈 < 210 nm) 
The odd hydrogen produced in the above reaction is quickly converted into molecular 
hydrogen through the following reaction [Krasnopolsky, 1993]: 
H + HO2 ⟶ H2 + O2    
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The resulting H2 molecule from the above reaction then diffuses into the upper 
atmosphere of Mars where it gets converted into atomic H again in the ionosphere 
through the following reactions [Matta et al., 2013]: 
N2+ + H2 ⟶ N2 H + + H 
CO2+ + H2 ⟶ HCO2+ + H 
O+ + H2 ⟶ OH+ + H 
CO+ + H2 ⟶ HOC+ + H 
Both H and O atoms from the martian atmosphere are lost into space. While the bulk of 
the H atom population escapes via a thermal process like Jeans escape, which refers to 
the slow boiling of the high energy tail of the Maxwellian distribution [Section 3.2], the 
heavier oxygen atoms escapes via various non-thermal escape processes which are active 
in the atmosphere of Mars [Hunten, 1982; Fox, 2014]. Evidence of the escape of 
hydrogen from Mars can be found in the elevated ratios of atmospheric D/H when 
compared with terrestrial Standard Mean Ocean Water (SMOW) [Owen, 1992]. From the 
higher evaporation rate of H compared to D due to the difference in their atomic masses, 
the present elevated ratios of D/H at Mars and Venus can be modeled to provide an 
estimate of the total amount of water that has been lost to space from these planets [Yung 
and Kass, 1998; Bertaux et al., 1993; Krasnopolsky et al., 1998; Bertaux and 
Montmessin, 2001; Villanueva et al., 2015]. By contrast, in the Earth’s atmosphere, the H 
is replenished by ocean water, and the D/H ratio of SMOW is likely unmodified by 
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escape [Paxton and Anderson, 1992]. It is believed that Mars with its weak gravity has 
lost a large amount of its volatile inventory over the last 4 billion years of its evolution 
which corresponds to a potentially substantial initial surface depth of water [Jakosky and 
Philips, 2001; Baker, 2001]. At present, there is a poor understanding of the extent of 
atmospheric escape from Mars and there are large uncertainties in the relative importance 
and efficiency of various thermal and non-thermal processes in aiding the escape of 
various atmospheric constituents [Chassefiere and Leblanc, 2004]. Understanding the 
details of escape today is a requirement to be able to extrapolate into the past to learn 
about the history of water on the red planet.    
 The main processes of atmospheric evaporation from the martian upper 
atmosphere involve both thermal and non-thermal escape processes. While the thermal 
process mostly refers to Jeans escape, the non-thermal escape processes include 
photochemical processes, ion escape, ion outflow and ion sputtering. Photochemical 
processes refer to dissociative recombination of molecular ions leading to fast fragment 
atoms, an important escape process for oxygen atoms and possibly nitrogen and carbon 
from the atmosphere of Mars. Ion escape refers to the pickup of newly created high 
altitude ions by the solar wind magnetic field. Ion outflow is a similar process in which 
bulk ion flows are accelerated by the solar wind convection electric field. Ion sputtering 
happens when pickup ions re-impact the martian atmosphere with enough energy to 
sputter off neutrals, which can then escape. The relative contributions of each of these 
processes in the escape of the various constituents from the martian atmosphere, 
especially water, are at present not well understood and require further exploration.  
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 Earlier observations of the martian Lyman α emission by Mariners 6, 7, and 9 
were analyzed in detail [Anderson and Hord, 1971; Anderson, 1974] to provide number 
densities of H with altitude and an upward flux of 2 × 108 cm-2 s-1. In the first decade of 
the 21st century, the SPICAM experiment on Mars Express has studied the martian H 
atoms from its orbit within the exosphere and has hinted at the possibility of the presence 
of a superthermal population of H atoms at temperatures T > 500 K [Chaufray et al., 
2008]. More recently, observations by the Rosetta spacecraft have found profiles of 
hydrogen similar to prior observations as well as evidence of hot oxygen atoms in the 
extended atmosphere of Mars [Feldman et al., 2011]. The number density and 
temperature of hot H can be directly related to the escape flux of H atoms from the 
martian atmosphere and thereby water. Large uncertainties in determining the 
characteristics of the martian exosphere have introduced difficulty in estimating the total 
reservoir of water lost by the red planet during the course of its evolution.  
 The objective of this chapter is to investigate the martian hydrogen exosphere in 
an effort to constrain the effects of various thermal/non-thermal processes on the escape 
of hydrogen thereby water from Mars. This chapter is based on the published results of 
Clarke et al. [2014]. 
 4.2 Observations 
 Hubble Space Telescope (HST) images using the Advanced Camera for Surveys’ 
(ACS) Solar Blind Channel (SBC) have been obtained of the martian ultraviolet H 
Lyman α emission were obtained in three observing visits near solar minimum over 
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October-November 2007 to investigate the nature and potential variability of the 
hydrogen corona. During these observations Mars moved between solar longitudes of Ls 
= 330º - 345º, which is during the martian southern summer season with ongoing dust 
storm activity. These observations were organized with coordinated observations by the 
Mars Express SPICAM instrument [Bertaux et al., 2006] which observed the same 
resonantly scattered solar Lyman α emission from the martian hydrogen exosphere over a 
period of several months but with a different observing geometry and at a lower signal to 
noise ratio.  
 The HST observations of Mars contained a series of clear and filtered images 
(band pass λ > 115 or 140 nm), the scaled difference of which was used to remove the 
reflected solar continuum from the disc of Mars. Above an altitude of 1.2 martian radii 
the emission was purely Lyman α from the hydrogen exosphere. A time series of images 
of the sky background emission were also obtained close in time with the Mars 
observations for an accurate background subtraction, as the brightness of the background 
changes rapidly with changing line of sight through the geocorona as HST orbits the 
Earth. These background calibration images are critical in determining the zero level far 
from the planet (Section 2.2). The calibration factor used in reducing the data has a value 
of 0.002103 counts/pixel-sec-kR, which is a bandpass averaged value. The ‘kR’ term in 
the unit of the calibration factor is called kilo-Rayleighs, which is a unit of photon flux 
used to measure airglow in planetary atmospheres. 1 Rayleigh is defined as a column 
emission rate of 106 photons per square centimeter per column per second. 
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The reduced images of Mars in Lyman α also contains emission from the 
geocoronal background and the interplanetary hydrogen atoms, which overfills the field 
of view requiring a separate pointing far away from Mars, offset by 5 arcminutes, to 
measure the background level. The data used in the analysis presented in this chapter 
only included observations of Mars with a background emission of less than 5 kR in 
order to optimize the signal to noise from the faint coronal emission far from the disc of 
Mars. There are no separate steps taken to remove the Lyman α emission from the inter-
planetary hydrogen (IPH) as it is Doppler shifted by several Doppler widths from the 
martian line making the martian atmosphere optically thin to this emission above the 
limb. This optically thin IPH emission thus contributes only to the uniform sky 
background, which has been subtracted from the images of Mars. Figure 3.1 (Left) is an 
example of a reduced image of Mars in Lyman α taken by HST on 9th November 2007. 
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Figure 4.1: (Left) Background-subtracted Hubble Space Telescope (HST) UV 
image of resonantly scattered solar Lyman α emission from the H atoms in the exosphere 
of Mars with a bandpass of 115-140 nm for 9th November 2007 with a phase angle of 33°. 
In this image Mars is shifted to one side in order to detect the highly expansive martian 
hydrogen exosphere. The picture has been rotated to have the north of the planet pointing 
directly upwards and the Sun is positioned towards the lower left. Contours of 1 kR 
brightness intervals are over-plotted on the image. The disc of Mars appears noisy due to 
the high level of reflected UV sunlight from the surface and has been replaced by a far-
UV image scaled down in intensity. (Right) Simulated image of the martian exospheric 
Lyman α emission based on a radiative transfer code of Chaufray and Gladstone with 
intensity bar in kilo-Rayleighs. 
 
  The resonantly scattered solar Lyman α emission from the optically thick martian 
exosphere [Anderson, 1974] has been modeled using a Chamberlain model of the 
exosphere [Chamberlain, 1963] combined with a Monte Carlo radiative transfer model 
developed by Chaufray and Gladstone first used to study the dayside venusian hydrogen 
corona. This model is very similar to the iterative matrix model developed by Chaufray et 
al., [2008] and Bhattacharyya et al. [2015, 2016, Section 3.3 of this thesis] to study the 
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martian corona, and has been validated by comparing results between the Monte Carlo 
model and the iterative matrix model under similar initial conditions. Figure 3.1 (Right) 
is an output from the radiative transfer model for 9th November 2007, which assumes a 
symmetric atmosphere for the simulation. 
 Several differences are observed when comparing the HST images with the 
modeled output. At the time of observations the solar activity was close to minimum in 
the solar cycle. The vertical extent of the emission in the data is observed to be greater 
than that predicted by photochemical models or global circulation models for low solar 
activity [Bougher et al., 2000; Krasnopolsky, 2002; Gonzalez-Galindo et al., 2009], 
which may reflect either a higher temperature or a superthermal component. No 
superthermal component is included in the model simulations used in this analysis. In 
addition, there is a clear asymmetry with angle from the sub-solar direction, with the 
emission brightness and vertical extent both decreasing as one moves azimuthally from 
the sub-solar direction. This could imply a decreased source rate, and potentially 
changing thermal distribution, away from the sub-solar point. This latitudinal variation of 
the Lyman α emission at the martian corona is explored further in Chapter 6 of this thesis.   
 4.3 Data Analysis 
 Radial profiles of brightness (kR) vs. altitude were constructed for each of the 
three 2007 observations of Mars by HST over ± 15º from the sub-solar point. These 
intensity traces begin at 1.2 RMars and extend out to the distance observed within the field 
of view on each day. Above an altitude of 0.2 RMars (~680 km) the other martian airglow 
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emissions, notably the oxygen 130.4 nm line, have decreased to a negligible level (less 
than 20 Rayleighs), and the wings of the imager point spread function from the bright 
disc emission are small compared with the Lyman α emission. The image of Mars 
observed by HST on 15th October 2007 (DOY 288) was centered in the field of view, 
thereby limiting the maximum altitude at which the dayside hydrogen corona could be 
observed but allowing measurements of the nightside exosphere. The following two 
observations obtained on 27th October (DOY 300) and 9th November 2007 (DOY 313) 
had the disc of Mars offset to one corner of the imager in the anti-solar direction to 
increase the field of view of the martian dayside exosphere. The radial brightness profiles 
for all the three observations of Mars obtained in 2007 are displayed in Figure 4.2 below.  
 
Figure 4.2: Brightness profiles with altitude for the HST 2007 observations. The profiles 
are averaged over radial slices of ± 15° from the sub-solar point. The intensity of the 
emission is found to steadily decrease with time for the observations. The parameters for 
the model fits are given in Table 4.1.  
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It can be concluded from the intensity traces displayed in Figure 4.2 that the 
Lyman α emission from the exosphere of Mars decreased steadily with time during the 
period of observations in October-November 2007. This decrease was estimated to be 
~40% within a time span of ~4 weeks [Clarke et al., 2009b; 2014]. The same decreasing 
trend in Lyman α emission brightness was also detected by SPICAM from within the 
atmosphere of Mars in the coordinated observations obtained over a longer period of time 
(~6 months from July 2007 – January 2008). The SPICAM data analysis resulted in a 
wide range of temperature and densities ranging from T = 200 – 1300 K and n = 1.5 × 
104 – 1.2 × 105 cm-3. This range of values is not consistent with the HST observations 
conducted in the same epoch as described in this chapter. This may be related to the 
difficulty of interpreting observations with changing local times and illumination 
geometries from a limited range of altitude within the atmosphere in the SPICAM data. 
Further discussion of the challenges of interpreting the characteristics of the martian 
hydrogen corona from a limited altitude range made by orbiting spacecraft is discussed in 
Chapter 6 of this thesis.  
 Earlier theory suggests that H atoms in the exosphere are supplied from H2 atoms 
through chemical reactions in the martian ionosphere [Krasnopolsky, 2002]. These H2 
molecules which are produced in the lower atmosphere through UV photodissociation of 
water vapor and subsequent recombination of H atoms, rises upwards through the process 
of diffusion. Therefore the process of transporting H atoms to the exosphere of Mars is 
diffusion-limited [Hunten, 1973] and would not be expected to undergo short-term 
changes as observed by HST and SPICAM during 2007 without a change of H bearing 
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molecules concentration at the homopause level (~80 km). The behavior displayed by the 
martian exosphere was recorded for the first time in the year 2007, and the cause of such 
a short-term change exhibited by the this layer is examined through modeling of the HST 
observations in this chapter. 
4.4 Modeling the HST 2007 Observations 
 The HST observations were modeled using a Monte Carlo radiative transfer 
model based on an iterative matrix method used by Quemerais and Bertaux [1993]. The 
model assumes spherical symmetry in the distribution of the atmosphere and takes into 
account the direction of the incoming sunlight, the shadow of Mars, and the spectral 
shape of the solar Lyman α emission line. The martian spectral line is based on a 
maxwellian velocity distribution at an assumed temperature [Chaufray et al., 2008]. The 
number density profile for the H atoms below the exobase is derived solving the diffusion 
equation for H in a CO2 atmosphere [Chaufray et al., 2008] using an analytic 
thermospheric temperature profile [Krasnopolsky, 2002]. Above the exobase the method 
described by Chamberlain [1963], excluding satellite particles, is used to derive the 
number density of H in the martian exosphere. The uncertainties in the modeling process 
are due to the H number density and temperature combinations at the martian exobase, 
the presence/absence of a superthermal component and the solar Lyman α flux at Mars 
(Table 4.1). 
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Table 4.1: HST Observations and Model fits to the Data 
Date of 
Observation 
Day 
of 
Year 
#Solar Lyman 
α Flux (× 1011 
photons cm-2 
s-1 Å-1) 
Mars 
Solar 
Longitude 
Exobase 
Temperature 
of H (K) 
Exobase 
Density of 
H (cm-3) 
15th October 
2007 
288 1.33 331° 340 50,000 
27th October 
2007 
300 1.29 337° 340 40,000 
9th November 
2007 
313 1.26 345° 340 35,000 
#Solar Lyman α flux at line center by converting the line integrated flux [Emerich et al., 
2005] recorded by the TIMED SEE instrument corrected for solar rotation and Earth-
Mars distance. (http://lasp.colorado.edu/lisird/tss/composite_lyman_alpha.html).   
 
 A large number of model runs have been conducted and the outputs have been 
compared with the radial profiles in Lyman α brightness at various angles to the Mars-
Sun line and the best fit temperature of H at the exobase was fixed to be 340 K. This is 
because the lowest least square values for the model fits to the data came at an exobase 
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temperature of 340 K. The following points highlight some of the important realizations 
while comparing the data with the model simulations: 
1. There is a degeneracy of good fits to the data between the exobase temperature 
and density combinations (Figure 4.3), in the sense that as one variable decreases 
the other must increase to fit the observed brightness. This arises from the 
broadening of the martian line with increasing temperature, which then scatters 
more of the solar line, so that the planet brightness increases with both increasing 
temperature and density. This point has been explored in detail in Chapter 6 of 
this thesis. 
2. There is also degeneracy between the bulk temperature and the inclusion of a 
superthermal component as the same observed profile can be fit almost equally 
well by a single high temperature or by a lower temperature for the majority H 
atoms with an added small fraction of a superthermal component. The differences 
in the escape flux values of H from Mars with the above two approaches are 
presented in Chapter 5 and 6 of this thesis. 
3.  Altitude profiles at different angles to the Mars-Sun line for a particular 
observation result in different brightness distributions, implying that the corona 
might not be spherically symmetric. The latitudinal symmetry of the martian 
exosphere is explored in detail in Chapter 6 of this thesis. 
4. The best fit temperature of 340 K was higher than the temperatures previously 
estimated for the exosphere at altitudes of ~400 km near solar minimum through 
spacecraft drag measurements [Forbes et al., 2008]. There are however 
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difficulties in determining temperatures from spacecraft drag measurements at 
high altitudes mostly due to uncertainties in the modeling process [Krasnopolsky, 
2010]. 
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Figure 4.3: Plots showing the least square values for various modeled exobase 
temperature and density values for atomic H for each day of observation: (Upper Left) 
15th October 2007, (Upper Right) 27th October 2007 and (Lower Middle) 9th November 
2007. No superthermal population of H is included in the above model runs. For each 
day of observations there is a range of temperature and density combinations that 
provide good fit to the data creating degeneracy between the two free model parameters. 
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Figure 4.3 shows the quality of the fits to the HST 2007 data from different model 
runs. This validates point #1 stated above; good fits to the observed intensity profiles can 
be obtained with a range of temperature and density values. It was not possible to get 
good fits to all the days by varying the temperature alone, while it was possible to get 
good fits to all the days by varying the density alone. This is consistent with the 
expectation that with a nearly constant solar UV flux and solar wind, the temperature of 
the bulk atmosphere is not expected to change. 
 4.5 Interpretation of the Data and the Modeling Analysis 
 The decreasing brightness of the Lyman α emission from the extended exosphere 
of Mars could be due to several factors influencing the upper atmosphere of Mars. For 
example, a decrease in the solar Lyman α flux or an increased loss rate by interaction 
with the solar wind could lead to sudden short-lived changes in the martian exosphere. 
However, during the 2007 observations the solar activity was near its minimum in the 
solar cycle and the solar UV flux did not change by more than a few percent (Table 4.1). 
There were also no large changes recorded in the quiet solar wind. This leads to the 
conclusion that the observed decrease in the martian coronal emission must have been 
caused by a variation within the atmosphere.  
An example of an intrinsic atmospheric contributing factor that changes more 
rapidly is the sublimation rate and the corresponding density of H2O in the lower 
atmosphere. The dissociation rate of H2 depends upon the solar UV flux, which was 
found to be almost a constant during October-November 2007, and its diffusion through 
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the atmosphere takes longer than 4 weeks. Therefore this process cannot explain the 
observed short-term changes of the martian exosphere in October-November 2007. 
However, Maltagliati et al. [2011, 2013] have shown that the vertical extent of water 
vapor can exceed that predicted by martian climate models. Vertical water vapor profiles 
recorded by SPICAM in Mars year 29 during southern summer show that the water 
mixing ratio was several times higher than the model predictions. Water was observed at 
altitudes of 60-80 km with a value of 50-100 ppm in both hemispheres, these values 
increased from solar longitudes Ls= 205º-270º when Mars was moving closer to the Sun 
in its orbit, and vice versa when Mars was moving away from the Sun. Super saturation 
of water vapor was also observed near Ls= 70º-130º when Mars was further from the Sun, 
closer to aphelion. When water vapor increases and moves to higher altitudes, the rate of 
photo-dissociation by near–UV sunlight increases and provides an enhanced source of 
hydrogen for the upper atmosphere. Therefore the observed changes by HST at Mars in 
October-November 2007 could be seasonal, or it could be the effect of dust activity, 
which in turn, is driven by seasonal effects. Dust storms occur in the late martian 
summer, further heating the lower atmosphere and making it turbulent, and lifting the 
water to higher altitudes. The largest global dust storm over the prior 3 martian years 
occurred during June 2007, with Mars moving away from the Sun in its orbital position 
approaching northern summer. The HST observations were obtained in the time period 
after the dust storm in October-November 2007 (Ls= 330º-344º) with the atmosphere still 
settling down and the dust opacity decreasing rapidly [Smith, 2009].  Estimates of the 
hydrogen number density, vertical fluxes, and diffusion rates would therefore be 
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important considerations for determining the effects of the lower atmospheric hydrogen 
supply rate on the upper atmosphere. Some rough estimates based on models for the 
structure and dynamics of the martian upper atmosphere are discussed next to 
demonstrate the plausibility of the proposed interpretation of the idea. 
In order to decrease the hydrogen escape flux substantially over a few weeks to 
match the observations there must exist a column density of hydrogen atoms sufficient to 
supply the escape flux, and the vertical diffusion rate of H atoms through the mainly CO2 
atmosphere must be sufficient to resupply the escaping flux. In order to test this plausible 
scenario, the vertical structure and diffusion of species within the martian atmosphere 
have been studied in comparison with results from a Mars Global Circulation Model 
(MGCM) [Forget et al., 1999]. For the sake of simplicity, the study presented here 
considers two separate layers of the martian atmosphere, below 110 km where hydrogen 
diffuses upwards either in the form of H2 or H2O, and above 110 km where the H atoms 
diffuse to the exobase. The variable W is taken to be the atmospheric vertical velocity at 
low altitudes and Wdiff the diffusion velocity at high altitudes. These variables have been 
defined in the martian global circulation models. The vertical diffusion time of a newly 
created hydrogen atom at an altitude of 110 km can be roughly estimated using the 
following relation: 
                                                  𝑇𝑖𝑚𝑒 =    !"!!"##                                               (4.1) 
	  	  	  
120	  
In the above equation, dz refers to the change to the altitude of the tracked hydrogen atom 
during the diffusion process. The diffusion velocity of the hydrogen atom at high 
altitudes is taken from the GCM modeling process. This estimate of the diffusion time is 
a lower limit especially at low altitudes. The typical time found is 30-40 hours with large 
differences from one latitude/longitude to another and this order of magnitude estimated 
time is short compared to the separation of the HST observations. This implies that H 
atoms in the upper atmosphere are able to diffuse to the exobase in a time that is short 
when compared with the changes in Lyman α brightness observed by HST in October-
November 2007. 
 The H atoms in the upper atmosphere are supplied from H2 atoms undergoing 
chemical reactions in the ionosphere, which in turn are supplied through photo-
dissociation of H2O molecules at altitudes below 40 km above the surface. Thus a similar 
approach has been used to estimate the upward diffusion time for H2 from 10 to 110 km 
altitude. This diffusion time is calculated using Equation (4.1) with the atmospheric 
vertical velocity Watm from the GCM. At many positions given by different latitude and 
longitude coordinates, Watm is never greater than zero at all altitudes for them. Choosing 
only the positions where Watm > 0 results in a typical time of ~ 50 days (varying between 
10 and 500 days). The true value of the diffusion time is likely longer than the value 
quoted here since regions where the atmosphere was stagnant were ignored in these very 
elementary calculations. However, this calculated timeframe is longer than the time of the 
observed changes in Lyman α emission observed by HST in 2007 (~ 4weeks) and is 
consistent with the prevailing picture of a slow diffusion process resupplying hydrogen to 
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the upper atmosphere. If however, water is raised to high altitudes (50-80 km) and 
directly photo-dissociated by UV sunlight, this provides another source of atomic 
hydrogen in the upper atmosphere unconstrained by the diffusion of H2 from the lower 
altitudes. These time estimates suggest that while vertical diffusion of H2 might proceed 
slowly compared with the observed coronal brightness decrease at Mars, the vertical 
diffusion of water under disturbed atmospheric conditions can be comparable to or 
shorter than the timeframe of the observed changes. Such disturbed atmospheric 
conditions can be brought about by major dust storms happening in the atmosphere of 
Mars. The largest global dust storm measured over three previous Mars years occurred 
during the summer of 2007. Mars Express SPICAM/IR occultation measurements 
preformed during that Mars year (year 28) between Ls = 253° to 300° show that the H2O 
density up to 60-80 km increased significantly from < 20 ppm before the global dust 
storm to 50-100 ppm during and after the dust storm in both hemispheres [Fedorova et 
al., 2006; 2008]. 
 Another important factor to consider is to confirm that the decrease in H atom 
density in the exosphere is consistent with the number of H atoms available at the 
exobase and the corresponding derived Jeans escape flux values of H from the exobase. 
The flux of H atoms that would escape from the exosphere of Mars into space due to the 
observed 40% decrease in intensity in 2007 can be estimated by the following simple 
relation: 
                                        𝐹𝑙𝑢𝑥!"#$%"& = 0.4  × !!"#$%(!)!"#$%&'  !"#!  ×  !  !""#$                            (4.2) 
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In the above equation,  𝑁!"#$%(𝐻) is an estimate of the number of H atoms along a 
column above 80 km (~1.3 × 1013 cm-2). Therefore the removed flux calculated using 
Equation (4.2) gives a value of ~4.0 × 106 atoms cm-2 s-1. This value when compared 
with a typical Jeans escape flux of ~2 × 108 atoms cm-2 s-1 derived from model fits to 
Mariner 6 and 7 spacecraft data [Anderson and Hord, 1971] is well within the nominal 
escape flux. This vertical column of H atoms of ~1.3 × 1013 cm-2 above 80 km can be lost 
into space in ~ 1 day at the nominal Jeans escape rate of ~2 × 108 atoms cm-2 s-1, a time 
comparable to the 30-40 hour diffusion time of H atoms through the upper atmosphere, 
which supports the conclusion that the escape flux of H is limited by the source rate from 
the lower atmosphere. 
 Earlier studies indicated that the present escape of H corresponds to 10 
precipitable microns of water [Hunten and McElroy, 1970] in the atmosphere above the 
surface which corresponds to a column of 7 × 1019 cm-2. Looking at the timeframe for the 
loss of water from Mars throughout its history by considering the Jeans escape flux to 
have a constant nominal value of ~2 × 108 atoms cm-2 s-1, the entire column of 
atmospheric water available for escape would have been lost in just 10,000 years. While 
this timeframe is long compared to the period of the HST observations and the martian 
year, it is short when compared to the age of Mars. Therefore there must be other factors 
that have not been accounted for and which are re-supplying water vapor into the martian 
atmosphere, like seasonal sublimation of both polar caps and changes in solar activity as 
well as dust storms, which could indeed have a significant influence on the martian 
exosphere as indicated in this chapter.  
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 4.6 Conclusion 
 Observations of the martian hydrogen exosphere in Lyman α with the Hubble 
Space Telescope detected a 40% decrease in the emission within a short interval of ~4 
weeks. This decrease in intensity corresponded to a decrease in hydrogen density at the 
exobase as well as a decrease in the Jeans escape flux of H atoms from the martian 
exosphere. This short-lived change was not anticipated and has many important 
implications. It implies a variable escape flux of hydrogen and thereby water over the 
course of a martian year which in turn can be related to the historic rate of escape of 
water. This behavior displayed by the martian exosphere therefore indicates that the 
escape of water from the red planet can now be related to its orbital/seasonal changes. 
Further observations are required to determine the relative importance of potential 
controlling factors. One big question that comes to mind at this point is whether this 
variation is influenced by seasonal changes at Mars, or an aftereffect of a major global 
dust storm.      
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5. SEASONAL DEPENDENCE OF HYDROGEN ESCAPE FROM MARS 
   Hubble Space Telescope (HST) and Mars Express (MEX) observed unexpected 
rapid changes in the martian hydrogen exosphere involving a large decrease in scattered 
Lyman α intensity in October-November 2007 (Ls = 331°-345°). The detected changes 
detected were speculated to be caused by a combination of seasonal variation and/or dust 
storms and lower atmospheric dynamics. More HST observations of Mars in the UV were 
conducted in 2014 over a broad range of heliocentric distances and seasons (Ls = 138°-
232°) in order to resolve the effects of seasons and dust storms on the characteristics of 
the martian hydrogen exosphere. These observations indicated a factor ~3.5 change in 
martian Lyman α brightness associated with a factor ~5.4 variation of hydrogen escape 
flux in the absence of global dust storms and significant solar variability. This chapter 
discusses those observations as well as the modeling applied to decipher some of the 
intrinsic characteristics of the hydrogen atoms occupying the martian exosphere. 
 5.1 Motivation and Objective 
 Mars is believed to have been more Earth-like early in its history than it is today. 
There is considerable geological evidence as well as evidence from elevated atmospheric 
D/H ratios at Mars which suggest that the planet’s volatile inventory and climate have 
changed markedly throughout its evolutionary period [Jakosky and Philips, 2001; Baker, 
2001; Owen, 1992; Bertaux and Montmessin, 2001;Vilanueva et al., 2015]. In order to 
determine the water loss history of Mars, the loss of one of its important constituents, 
atomic hydrogen, is studied through UV imaging of the resonantly scattered solar Lyman 
α emission from exosphere of Mars.  
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The exosphere of Mars is mainly made of atomic H, which originates from the 
photodissociation of water vapor near the surface. The majority of the H atoms 
populating the exosphere likely come from a population in thermal equilibrium with the 
collisionally dominated lower atmosphere (below 200 km) and therefore can be described 
by a Maxwell-Boltzmann velocity distribution. The high-energy tail of this thermal 
population of H atoms can escape the planet’s gravity resulting in Jeans escape. This 
method is a good mechanism for the escape of a substantial amount of hydrogen atoms 
from the exosphere of Mars. It is necessary to accurately determine the mean temperature 
of the exospheric H population and its number density at the exobase in order to calculate 
the Jeans escape flux for H at Mars, which in turn would help trace the amount of water 
lost from the red planet over the course of 4 billion years of its existence.  
Earlier observations and in-situ measurements of the martian exosphere by 
spacecraft and landers provided a range of exobase temperatures (~200 – 400 K) and 
number density values (~104 – 105 cm-3) under different solar flux conditions, with the 
possibility of the presence of a two-component population comprising of a thermal and a 
superthermal component [Anderson and Hord, 1971; Dostovalov and Chuvakhin, 1973; 
Babichenko et al., 1976; Bougher and Keating, 1999; Nier and McElroy, 1977; Chaufray 
et al., 2008]. The discrepancies in the measurements could not be explained by changes 
in solar activity alone. Recent measurements using the Hubble Space Telescope (HST) in 
October-November 2007 in an attempt to constrain the properties of the martian 
hydrogen exosphere identified a ~40% decrease in the exospheric Lyman α emission in a 
span of ~4 weeks [Clarke et al., 2014]. This trend of decrease in the Lyman α emission 
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from the martian exosphere was also observed by MEX over a much longer period of 
time (~6 months) from July 2007 – January 2008, analysis of which revealed up to an 
order magnitude decrease in hydrogen escape flux [Chaffin et al., 2014]. This observed 
variability was not accompanied by changes in solar Lyman α flux or solar wind activity 
under solar minimum conditions. It was concluded that the observed changes in H density 
and escape flux were brought about by intrinsic changes within the martian atmosphere. 
The process of resupplying hydrogen to the upper atmosphere and exosphere 
through diffusion of molecular H2 from the lower atmosphere is a slow process (~10 – 
500 days between altitudes of 10 and 100 km) [Clarke et al., 2014]. In this picture, 
therefore, sudden changes in H density at the exobase are not likely responsible for the 
observed rapid decrease in intensity of emitted Lyman α during October-November 2007. 
Atmospheric models indicate that changes in the solar EUV flux could also lead to 
changes in H escape from the martian exosphere [Chaufray et al., 2015]. However, 
during the 2007 observations, Mars was moving away from the Sun (Ls = 331°-345°) 
coming out of southern summer, and the solar incident flux at Mars varied only by ~5%, 
not enough to bring about the observed 40% decrease in intensity. 
 The presence of unexpectedly elevated levels of water vapor at high 
altitudes (80-100 km), well beyond those predicted by martian climate models, was 
discovered in the MEX data [Maltagliati et al., 2011, 2013; Fedorova et al., 2006, 2009]. 
Water vapor at high altitudes is likely to undergo direct photodissociation by solar UV 
photons, leading to the formation of H atoms which could bypass the slow diffusion 
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process to reach the upper atmosphere. This could lead to rapid changes in the hydrogen 
population occupying the exosphere of Mars. SPICAM water vapor profiles obtained 
during the southern summer of Mars in year 29 (December 2007 to May 2009) showed 
densities of 50-100 ppm at altitudes of 60-80 km in both the northern and southern 
hemispheres. These observed values for the water vapor content in the martian 
atmosphere were more than 10 times higher than those predicted by models [Maltagliati 
et al., 2011, 2013; Fedorova et al., 2006, 2009]. Changes in water vapor quantities at 
high altitudes could be brought about by seasonal effects, or martian dust storm activity 
which is season dependent [Maltagliati et al., 2013; Fedorova et al., 2009]. A major 
global dust storm occurred at Mars in June 2007, during which the dust opacity decreased 
from ~0.8 to 0.2 through the following months overlapping with the MEX and HST 2007 
observations [Montabone et al., 2012]. The HST 2007 observing campaign followed this 
dust storm and showed a decrease in H density in the martian exosphere that could have 
been caused either by annual seasonal changes, or the dust storm, or a combination of 
both. 
The objective of this chapter is to find whether seasonal effects or the effects of a 
dust storm have a dominating influence on the behavior of the martian exosphere, and if 
the observed 40% decrease in intensity during the HST 2007 observations was due to 
seasons or the aftereffects of a dust storm. This chapter includes follow-up HST 
observations in 2014 and is based on the published results of Bhattacharyya et al., [2015]. 
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5.2 Observations 
To resolve the effect of seasons and/or dust storms on the martian exosphere, a 
series of HST observations were undertaken in 2014 over a broad range of solar longitude 
(Ls) values and heliocentric distances. Images of Mars were obtained in the far ultraviolet 
with the ACS-SBC instrument onboard HST in five separate visits. The first observation 
was obtained on 30th May 2014 (Ls = 138°) when Mars was coming out of northern 
summer solstice (Ls = 90°). The next set of observations was conducted during 
September-November 2014 (Ls = 197°-232°) with Mars close to perihelion (Ls = 251°) 
and approaching southern summer solstice (Ls = 271°) (Figure 5.1 and Table 5.1). 
Dedicated HST observations of the Lyman α emission from the geocorona and 
interplanetary hydrogen were used to obtain an accurate background subtraction and zero 
level. The reduction pipeline is detailed in Clarke et al. [2009] and the adaptation to Mars 
is elaborated in Clarke et al. [2014] as well as chapter 2 of this thesis. 
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Figure 5.1: This figure displays the position of Mars at different solar longitudes 
(Ls) as well as its position around the Sun when the HST observations were obtained 
(original image: http://www-mars.lmd.jussieu.fr/mars/time/solar_longitude.html). 
 
Radial profiles of brightness (in kilo Rayleighs) versus altitude (670 – 35,000 km) 
were constructed for each of the HST observations over ± 45° from the subsolar point. 
This angular average is larger than the ± 15° considered by Clarke et al. [2014] in their 
analysis, and provides for a better signal to noise ratio. The calibration factor used for the 
HST data is specific for Lyman α (0.002633 counts/pixel sec kR), an update from the 
bandpass averaged value (0.002103 counts/pixel sec kR) used in Clarke et al. [2014]. 
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This value was determined by modeling the sensitivity of ACS with wavelengths within 
the bandpass [Avila et al., 2015; Gustin et al., 2012] (Chapter 2). 
Table 5.1: Observations and Modeled H Jeans Escape Flux Valuesa 
Observation 
Date 
(Day of 
Year) 
Ls 
F0×1011 
(photons/
cm2/s/Å) 
Distance 
to Sun 
(AU) 
Single 
Component 𝝓𝑱𝒆𝒂𝒏𝒔 
(× 108 cm-2 s-1) 
Two 
Component 𝝓𝑱𝒆𝒂𝒏𝒔 
(× 108 cm-2 s-1) 
10/15/2007 
288 
331° 1.325 1.49 2.99 ± 0.12 5.98 ± 0.3 
10/27/2007 
300 
337° 1.293 1.50 1.94 ± 0.08 4.25 ± 0.1 
11/09/2007 
313 
345° 1.255 1.52 1.6 ± 0.06 3.77 ± 0.07 
05/30/2014 
150 
138° 1.398 1.57 1.28 ± 0.02 2.35 ± 0.22 
09/15/2014 
258 
197° 1.707 1.43 3.36 ± 0.25 6.06 ± 0.55 
10/5/2014 
278 
208° 1.709 1.41 5.23 ± 0.37 9.36 ± 0.84 
10/20/2014 
293 
217° 1.752 1.40 6.6 ± 0.37 12.2 ± 1.0 
11/12/2014 
316 
232° 1.838 1.39 8.35 ± 0.37 15.0 ± 1.0 
aLine-integrated flux obtained from the SORCE database [Rottmann et al., 2006] 
have been corrected for solar rotation and converted to line center flux [Emerich et al., 
2005]. 
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The intensity of the Lyman α emission from the exosphere of Mars was found to 
increase steadily with decreasing heliocentric distance for the 2014 HST observations. 
This increasing trend is displayed in Figure 5.2a below. This behavior is exactly opposite 
to the one observed by HST in October-November 2007 when the Lyman α intensity 
from the martian exosphere decreased steadily with increasing heliocentric distance as 
displayed in Figure 5.2b below. In order to study this behavior, we have modeled the 
resonantly scattered optically thick Lyman α emission from the exosphere of Mars using 
a radiative transfer model to incorporate multiple scattering effects. 
     
Figure 5.2a: Radial brightness profiles in kilo-Rayleighs with altitude for ± 45° 
angular cut from the sub-solar point for the HST 2014 observations along with their best 
two-component model fits. The level of Lyman α emission from exospheric hydrogen at 
Mars is found to steadily increase with decreasing heliocentric distance and increasing 
time. 
	  	  	  
132	  
     
Figure 5.2b: Radial brightness profiles in kilo-Rayleighs with altitude for ± 45° 
angular cut from the sub-solar point for the HST 2007 observations along with their best 
two-component model fits. The level of Lyman α emission from exospheric hydrogen at 
Mars is found to steadily decrease with increasing heliocentric distance and increasing 
time. 
 
 
5.3 Modeling and Analysis of the HST 2014 Observations 
The radiative transfer model used in this analysis is coupled with a Chamberlain 
exosphere [Chamberlain, 1963] without satellite particles and is based on Chaufray et al. 
[2008]. It utilizes the assumptions of Thomas [1963] and has two free parameters; 
exospheric density and temperature. The model simulates the effect of multiple scattering 
in an optically thick atmosphere of τ < 200 at line center. The modeled intensities are 
convolved with the instrument Point Spread Function (PSF) for comparison with the HST 
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data. A detailed description of the radiative transfer model is provided in Chapter 3 of 
this thesis. 
The HST observations of the martian exosphere have been modeled using two 
different approaches. The first one is with only a single thermal component of hydrogen 
in the exosphere of Mars (Single Component Model) while the second one is with both a 
thermal and a superthermal component of hydrogen (Two Component Model) present in 
the exosphere of Mars. A description of the two approaches and their justifications is 
presented in the sections below. 
5.3.1 Single Component Model 
The altitude profiles derived from the HST observations of Mars were first 
modeled assuming a single thermal population of hydrogen in the exosphere of Mars. 
Simulations were done using various combinations of temperatures ranging from 170 – 
440 K and exobase number densities for hydrogen from 104 cm-3 to 5 × 105 cm-3, which 
constitute the two free parameters of the model. The temperature and density values used 
in the simulations are well within the range of values predicted by photochemical models 
as well as Martian Global Circulation Models [Krasnopolsky, 2002; Fox 2003; Chaufray 
et al., 2015; Bougher et al., 2015b]. 
The best fit to all the HST observations were obtained by minimizing χ2 
deviations between data and model using the following relation: 
                 𝜒!(𝑇!"# ,𝑛!"#) =    !!!!    (!!"#",! ! !  !!"#$%,! ! )!!!"#",!! (!)!!!!                              (5.1) 
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In the above equation Idata and Imodel represent the intensity of the data and the model at a 
particular radial distance, and the σ in the denominator represents the uncertainty in the 
data at that radial distance. The n in the denominator represents the total number of data 
points, while the n-2 is a result of the two free parameters of the model (here 2 is 
negligible with respect to the large values of n). The total number of data points for a 
particular observation is dependent upon the plate scale of the image, a 2000 × 2000 pixel 
image. The total number of pixels that fall on a line drawn from the center of Mars in the 
image passing through the sub-solar point up to the edge of the image on the dayside 
determines n. This value of n usually ranges from 1100-1400 points, which when 
multiplied by the plate scale of the image gives the radial distances at which intensity 
measurements have been taken.  
While determining the uncertainty represented by σ in the denominator we have 
not taken into account the uncertainty due to the modeling process. It is difficult to 
ascertain the modeling uncertainties due to various undetermined inherent assumptions 
about the characteristics of the martian exosphere, like spherical symmetry of the density 
profile, a single Maxwellian velocity distribution of particles, and isothermal conditions 
in the day and night sectors. Ignoring modeling uncertainties while calculating χ2 values 
increases it above 1. For example, a modeling uncertainty 10 times larger than the 
observed uncertainty allows χ2 < 100 to be acceptable. 
 
 
	  	  	  
135	  
Table 5.2: Model fits to the HST observations 
 Single Component Model Two Component Modela 
Date of 
Observation 
Texo 
(K) 
nexo (cm-3) 𝝌𝒓𝒆𝒅𝟐  Tcold 
(K) 
ncold (cm-3) nhot (cm-3) 𝝌𝒓𝒆𝒅𝟐  
10/15/2007 440 
24000 
± 1000 
5.69 170 
105000 
± 3000 
12300 
± 600 
7.6 
10/27/2007 380 
25000 
± 1000 
6.73 170 
96000 
± 2000 
8700 
± 200 
17 
11/09/2007 360 
25000 
± 1000 
5.65 170 
91000 
± 1000 
7700 
± 200 
16 
05/30/2014 365 
19000 
± 3000 
2.23 200 
47000 
± 1000 
4600 
± 400 
4.1 
09/15/2014 440 
27000 
± 2000 
3.48 200 
71000 
± 4000 
12200 
± 1100 
2.3 
10/05/2014 440 
42000 
± 3000 
7.10 230 
66000 
± 5000 
18500 
± 1500 
2.6 
10/20/2014 440 
53000 
± 3000 
20.36 240 
85000 
± 5000 
23800 
± 2000 
7.8 
11/12/2014 440 
67000 
± 3000 
20.71 240 
97000 
± 7000 
29400 
± 2000 
5.1 
aTemperature of the hot component is taken to be a constant, Thot = 800 K. 
 
The best fit modeled temperatures for the 2007 observations at low solar activity 
(F10.7 ~ 70 at 1 AU) and the 2014 observations at high solar activity (F10.7 ~ 144) ranged 
from 360 to 440 K (Table 5.2), close to the values obtained by Anderson and Hord 
[1971], Dostovalov and Chuvakhin [1973] for high solar activity (F10.7 ~ 180), and 
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Babichenko et al. [1977] for low solar activity (F10.7 ~ 60). These temperatures are much 
higher than the bulk atmospheric temperatures estimated from UV CO2+, Cameron bands, 
N2 Vegard-Kaplan bands and aerobraking measurements at low solar activity [Leblanc et 
al., 2006, 2007; Bougher et al., 2000]. Such high temperatures obtained for the hydrogen 
population do not agree with the Lyman β measurements (260 K) by Feldman et al. 
[2011] around solar minimum. They also do not agree with spacecraft drag measurements 
[Forbes et al., 2008], which, however, have their own challenges. These are a result of 
using a GCM [Forbes et al., 2008; Bougher et al., 2009; Golzalez-Galindo et al., 2009] 
which ignored effects of eddy diffusion, chemical production and loss and escape of 
species densities above 138 km, but which are perceived to be important up to 390 km. 
This resulted in modeling results which showed density variations by a factor of 8 at 390 
km, much higher than the observed factor of 3, thereby indicating problems with the 
martian thermospheric temperatures between 180-300 K derived from them 
[Krasnopolsky, 2010]. Simulations of martian atmospheric dynamics done using Martian 
Global Circulation Models (MGCMs) also cannot explain temperatures greater than 440 
K in the exosphere, as this is not supported by the energy balance of the upper 
atmosphere [Chaufray et al., 2015; Bougher et al., 1999; 2009; 2015b]. Therefore, a two-
component population of H, with a small percentage at a higher temperature, was deemed 
to be the more likely scenario. Such a population has been detected at Venus [Anderson, 
1976; Bertaux et al., 1977; Hodges, 1999; Chaufray et al., 2012] where there is the clear 
presence of two H atom populations with different scale heights in the exosphere, the hot 
H atom population fully dominating at high altitudes. The similarity of the upper 
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atmospheres of Mars and Venus justify examining the possibility of a two-component 
model at Mars too.  
 
5.3.2. Two Component Model 
The two-component model is a combination of a “cold” component at thermal 
equilibrium with the lower atmosphere (below 200 km) and a “hot” superthermal 
component created by non-thermal processes, which dominate at higher altitudes. The 
superthermal component is taken to exist only beyond the exobase and is approximated 
by a Maxwellian for ease of modeling. For each HST observation the temperature of the 
cold component is fixed by examining the conditions of the bulk lower atmosphere using 
a Mars Global Circulation Model (MGCM) [Forget et al., 1999; Gonzalez-Galindo et al., 
2009]. Different exobase number density combinations (1 × 104 cm-3 – 5 × 105 cm-3) 
within ranges predicted by photochemical models [Krasnopolsky, 2002; Fox, 2003] for H 
at Mars have been used to find the best fit modeled number density by minimizing the χ2 
deviations between data and model up to ~1700 km, for the predetermined temperature 
for the thermal population using the MGCM. The altitude of ~1700 km was chosen 
because of a distinct change in slope of the radial intensity profile observed in the HST 
data for all the observations at this altitude. This indicates that the thermal population is 
dominant at altitudes below ~1700 km with the presence of the superthermal population 
increasing its dominance with increasing altitude. The temperature of the hot component 
is determined separately, and is not well constrained by the data, thus a reasonable mean 
value was determined. Superthermal H is assumed to be present only beyond the exobase 
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and is considered to be the dominant component of the two populations at altitudes above 
10,000 km. By fitting an optically thin atmosphere at altitudes above 10,000 km for 
different combinations of temperatures (500 – 1000 K) within ranges predicted by 
simulations of SPICAM data [Chaufray et al., 2008] and densities (1 × 102 cm-3 – 5 × 104 
cm-3), the best-fit combinations were determined by minimizing χ2 for the fits. This 
resulted in a series of temperature and density combinations out of which the lowest 
temperature common to all the HST observations was fixed as the temperature of the hot 
component (800 K). In order to properly determine the density of the hot population, 
radiative transfer effects have to be taken into consideration. Different values of number 
densities (1000 – 40,000 cm-3) at 800 K for the superthermal population were first added 
to the density profile of the thermal population determined previously for each 
observation. Then the total density profile (hot + cold) was run through the radiative 
transfer model at the temperature of the cold component, deemed to be the majority, to 
obtain the final intensity from the two-component model. The best-fit density of the hot 
population was then determined by comparing this model-generated intensity with the 
data through χ2 minimization, and these values are presented in Table 5.2. The best model 
fits to the data using this two-component model are displayed in Figure 5.2. The 
discrepancies observed between data and model are much smaller than the increasing 
trend in H brightness, and are likely due to inherent model assumptions about the 
exosphere of Mars. Other combinations of hot and cold temperatures may provide good 
fits to the data, but given the lack of knowledge about the actual velocity distribution of 
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hydrogen in the exosphere of Mars, arbitrary combinations of temperature and density 
were not modeled. 
 
 
Figure 5.3: Comparisons between best fit model runs for the HST data with a 
single population of H atoms (One Component model) and a hot + cold population of H 
atoms (Two Component model) for 30th May 2014 and 12th November 2014. 
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Figure 5.3 provides a comparison between a single component fit and a two-
component model fit to the data for 30th May 2014 and 12th November 2014. Both 
models give a good fit to the data for 30th May 2014, when Mars was far from the Sun 
(1.57 AU), while the two-component fit is better on 12th November 2014, when Mars 
was closer to the Sun (1.39 AU) and the martian exospheric Lyman α emission was 
brighter. The reduced χ2 values for the fits in Table 5.2 also indicate that the two-
component model is better when Mars is closer to the Sun, thereby suggesting that the hot 
component may be related to the solar EUV flux or solar wind. 
5.4 Discussion 
The presence or absence of a superthermal component can significantly alter the 
Jeans escape flux of hydrogen from the exosphere of Mars, as illustrated in Figure 5.4. 
For example, the Jeans escape flux in the presence of a superthermal component is ~84% 
higher than a single component scenario for 30th May 2014 and ~80% higher for 12th 
November 2014. Considering the presence of a thermal and a superthermal component of 
hydrogen in the exosphere of Mars to be more likely, the Jeans escape flux calculated 
from the best-fit exobase temperature and number density for both the hot and cold 
components increased by a factor of ~5.4 between 30th May and 12th November 2014 
(Table 5.1). No major changes in solar activity were recorded during the 2014 
observations, even though the solar cycle was close to solar maximum except for a 
medium solar flare (M7 class) during the passage of comet Siding Spring over 19/20 
October 2014. The HST observations taken during the comet encounter indicate a 
negligible change in martian exospheric Lyman α intensity (< 5%), and most observed 
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changes are consistent with variations in the solar Lyman α flux. In 2007, the escape flux 
decreased by 37% within 4 weeks as Mars was moving away from the Sun when there 
was no significant change in solar activity as the solar cycle was near its minimum. Even 
though a global dust storm was recorded in June 2007 and only regional dust storm 
activity observed in 2014 (http://themis.mars.asu.edu/dust_maps), a significant increase 
in martian exospheric Lyman α intensity was observed in 2014 indicating seasonal 
effects. Seasonal changes have also been observed in pickup ions of exospheric origin at 
Mars, as well as reflected solar wind ions at the bow shock [Yamauchi et al., 2015]. 
Simulations using an MGCM for non-uniform exobase conditions found that the 
hydrogen escape flux was not diffusion limited, but was directly dependent on the 
seasonal increase in incident solar EUV flux at the martian upper atmosphere [Chaufray 
et al., 2015]. However, the hydrogen escape flux a solar maximum between solar 
longitudes Ls = 140°-230° derived from the MGCM showed an increase of a factor of 
~2.1 at F10.7 ~220, which is less than the factor of ~5.4 increase at F10.7 ~144 obtained 
from the HST 2014 observations for the same Ls range (Table 5.1). 
To estimate the functional form of these seasonal changes, the variation of 
hydrogen escape flux with solar longitude (Ls) determined from the HST data can be 
represented by a simple sinusoid as written below: 
                                        ∅!"#$% 𝐿! = 10!  !"# !!!!!"#°   !  ! !  !                               (5.2) 
Here A = 0.84, B = 8.16, and 𝜑 = 3.35 radians from the best fit to the single 
component escape flux and A = 0.91, B = 8.43, and 𝜑 = 3.28 radians from the best fit to 
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the two component escape flux (Figure 5.4). While the existence of a strong seasonal 
variation is well established, the shape of the curve is only partially constrained due to the 
thinly sampled data set and includes both solar minimum and maximum conditions. The 
observed seasonal variation of a factor of ~5.4 in ~6 months greatly exceeds the constant 
escape rate concluded from earlier theories which suggested a slow transportation of H 
by H2 into the upper atmosphere combined with a long lifetime for H2 [Krasnopolsky, 
2002] as well as a limited diffusion velocity for H at the homopause of Mars [Hunten, 
1973]. The new observations suggest that seasons are important drivers of H escape, 
although the relative contribution of dust storms has yet to be determined. The relative 
importance of (a) water in the lower atmosphere and (b) solar EUV flux/dynamics can be 
found by further observations of H escape over the northern summer, when Mars moves 
farther from the Sun, but the surface atmospheric density shows a second maximum. 
Finding a second increase in the hydrogen brightness over Ls = 0° - 90° would implicate 
surface conditions as the primary driver of the changes in hydrogen escape flux, as 
opposed to control by the solar EUV flux which would decrease with increasing 
heliocentric distance. 
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Figure 5.4: This figure shows the variation of the hydrogen escape flux from 
Mars at various solar longitudes. The single component and the two component escape 
fluxes have been fitted with a first order relation to provide an approximation of the 
seasonal variation of hydrogen escape flux from Mars.  
 
 
Geological evidence has indicated that today’s dry and cold Mars was warm and 
wet when Mars was young [Jakosky and Philips, 2001; Baker, 2001]. The water lost into 
space after the loss of its intrinsic magnetic field [Jakosky and Philips, 2001] has been 
estimated from the present hydrogen escape flux for the martian atmosphere. Earlier 
work assumed that this escape flux was diffusion limited [Hunten, 1973] and the the 
concentration of H bearing molecules or H atoms at the homopause changed slowly over 
a martian year [Krasnopolsky, 2002]. Here we present strong observational evidence for a 
large and persistent seasonal variation in hydrogen escape flux from Mars. Existing 
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estimates of the martian water reserves will have to be updated to reflect this, and a 
simple extrapolation of the present day escape flux would not suffice to trace the historic 
escape of water from Mars and the depth of its primordial ocean.  
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6. ANALYSIS AND MODELING DETAILS ON REMOTE OBSERVATIONS OF 
THE MARTIAN HYDROGEN EXOSPHERE 
Past observations of the martian exosphere have given a wide range of values for 
the mean temperature and number density of the hydrogen population that occupies this 
uppermost layer. More recently, observations by HST and MEX have found large 
variations over short timescales exhibited by this layer, which have been attributed to 
seasonal effects. This chapter presents elements needed to understand the wide range of 
values obtained for the martian hydrogen exosphere by numerous spacecraft and HST, 
their related uncertainties and the sensitivity of various modeling parameters for any 
remote observations. A study on the symmetrical nature of the exosphere using HST data 
is also presented in this chapter.  
 6.1 Motivation and Objective 
 The history of water loss at Mars has been studied by scientists over the course of 
more than 50 years. Presently, however, there still remains an incomplete understanding 
of specific thermal and non-thermal mechanisms in the water loss process and its actual 
rate of escape from the atmosphere of Mars.  Observations and model fits to date have 
indicated a large range of values for the temperature and number density of H atoms at 
the martian exobase [Anderson and Hord, 1971, 1972; Bougher and Keating, 1999; 
Chaufray et al., 2008;Feldman et al., 2011;Chaffin et al., 2014; Clarke et al., 2014; 
Bhattacharyya et al., 2015]. The fairly recent (2007 and 2014) observations of the 
martian exosphere in the far-ultraviolet (FUV) using the Hubble Space Telescope 
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presented in Chapters 4 and 5 of this thesis has allowed us to easily detect and image the 
sparsely populated uppermost layers of the martian atmosphere with the purpose of 
constraining some of the characteristic properties of this layer [Clarke et al, 2014; 
Bhattacharyya et al., 2015]. Analysis of the HST data revealed seasonal changes 
experienced by the martian exosphere [Bhattacharyya et al., 2015], which was in 
contradiction with our understanding of the earlier reported theoretical framework 
[Hunten, 1973, Krasnopolsky, 2002]. This chapter presents the HST data analysis process 
in detail to determine the effect of several factors, like uncertainties in the modeling 
process, seasonal variations, and effects of spacecraft geometry on accurately 
determining values for the temperature and exobase density of the hydrogen population at 
the martian exobase in order to calculate its escape rate. It is imperative to constrain the 
H escape flux from Mars as it is directly related to the escape of water and would help 
ascertain the history of water at Mars throughout its evolution. 
6.2 A Brief History of the Characteristics of the Martian Exosphere Through 
Remote Observations 
The martian hydrogen exosphere was first observed when Mariner 6 and detected 
Lyman α emission up to maximum altitude of 30,000 km (~8.8 martian radii) from 
resonant scattering of solar UV photons by atomic H [Barth et al., 1969, 1971]. Analysis 
of this emission using a radiative transfer approach coupled with a chamberlain 
exosphere without satellite particles [Chamberlain, 1963] revealed a hydrogen exobase 
number density of 3 ± 0.5 × 104 cm-3 at a temperature of 350 ± 100 K for high solar 
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activity (F10.7 ~ 180) with Mars at a solar longitude (Ls) of 200°. Airglow measurements 
of CO2 in the atmosphere of Mars by Mariner 9 revealed an exospheric temperature of 
325 K when Mars was at Ls = 300°-360° [Stewart et al., 1972]. This was in contradiction 
with an exobase temperature of 220 K derived from aerobraking measurements by the 
Mars Global Surveyor (MGS) [Bougher and Keating, 1999; Bougher et al., 2000]. Data 
from the mass spectrometers onboard the Viking 1 and 2 landers also indicated 
temperatures below 200 K for the exobase for low solar activity (F10.7 ≤ 80) [Nier and 
McElroy, 1977]. In the last decade, measurements by SPICAM on Mars Express [Bertaux 
et al., 2000, 2006] at Ls = 180° could not be modeled with a single thermal population of 
H, and hinted at the possibility of the existence of a two component population [Chaufray 
et al., 2008]. The densities and temperatures of the cold and hot populations at the 
exobase were determined to be 1 ± 0.2 × 105 cm-3 at T = 200 K and 1.9 ± 0.5 × 104 cm-3 
at T > 500 K for low solar zenith angles (SZA) and 2 ± 0.4 × 105 cm-3 at T = 200 K and 
1.2 ± 0.5 × 104 cm-3 at T > 500K for high SZA values [Chaufray et al., 2008]. These cold 
population densities did not match with the Mariner measurements and the ratio between 
hot and cold components were in disagreement with the simulations of Lichtenegger et al. 
[2006]. More recently observations of the optically thin Lyman β emission at Mars by the 
Rosetta spacecraft at Ls = 189° were modeled to obtain a temperature of 260 K associated 
with a number density of 9 × 104 cm-3 without using a superthermal population. This 
result does support the presence of a thermal population of H at temperatures close to that 
of the bulk lower atmosphere. HST and SPICAM observations of the martian exospheric 
Lyman α emission in 2007 near solar minimum (F10.7 ~ 70) revealed unexpected short-
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term changes in the martian exosphere [Chaffin et al., 2014; Clarke et al., 2014]. More 
follow-up observations by HST in 2014 near solar maximum (F10.7 ~ 144) attributed these 
short-term changes in the martian exospheric Lyman α emission to seasonal effects 
[Bhattacharyya et al., 2015] with the possibility of added control by dust storms. The 
HST data also indicated the possible presence of a seasonally varying superthermal 
population in the martian exosphere. This would have huge repercussions on tracing the 
water escape history from the red planet, and along with other modeling and instrumental 
uncertainties might help explain the range of temperature and density values measured by 
spacecraft at different epochs.  
6.3 HST Data Reduction and Modeling Procedures 
The HST observations were obtained in the FUV using the Advanced Camera for 
Surveys (ACS) when Mars was at different solar longitudes (Ls = 331°-345° for the 2007 
observations; Ls = 138°-232° for the 2014 observations) to capture seasonal effects. A 
solar longitude of 270° is when Mars has southern hemisphere summer solstice and at a 
solar longitude of 90° is when the southern hemisphere of Mars is at winter solstice. The 
unreduced images were processed using custom procedures developed at Boston 
University [Clarke et al., 2009, 2014; Bhattacharyya et al., 2015]. The radial brightness 
profiles from all the HST observations are presented in Figure 6.1. The changes in 
brightness (steady decrease in 2007 and steady increase in 2014) observed in the HST 
data are much more than the changes expected from increase and decrease of Lyman α 
flux due to varying distance of Mars from the Sun in its orbit. 
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Figure 6.1: Radial profiles of the dayside brightness (in kilo Rayleighs) of the H 
Lyman α emission from the exosphere of Mars with altitude obtained by HST in 2007 and 
2014. The brightness increased steadily with time in 2014 whereas it decreased steadily 
over time in 2007.  
 
Analysis of the Mariner 9 observations indicated that the optical depth of the 
hydrogen exosphere of Mars in Lyman α is greater than unity (2 ≤ τ ≤ 5) [Anderson, 
1974]. Therefore a radiative transfer model developed by our group (as detailed in 
Chapter 3 of this thesis) has been used to accurately simulate the HST observations by 
including effects from multiple scattering in an optically thick atmosphere. This model is 
based on the method described in Bertaux [1974], which was implemented by Chaufray 
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et al. [2008] to model SPICAM observations of the martian exosphere and has two free 
parameters: exobase temperature of H and exobase density of H. Our model has been 
tested against the results of Chaufray et al. [2008] and they produce similar results under 
identical conditions of exobase temperature and density values for the H population at 
Mars. To determine the H density and temperature of the martian exosphere, the 
simulated intensity derived as an output from the radiative transfer model has been 
convolved with the instrument Point Spread Function (PSF) and compared with the HST 
data. 
6.4. Modeling Constraints in HST Data Analysis Process 
Various combinations of the two free parameters in the model, exobase 
temperature (Texo) ranging between 170 K and 440 K (expected from Mars Global 
Circulation Models (MGCM) [Bougher et al., 1999, 2009, 2015; Chaufray et al., 2015]) 
and densities ranging between 104 cm-3 to 5 × 105 cm-3 (expected from photochemical 
models [Krasnopolsky, 2002; Fox, 2003]) have been used to simulate the HST 
observations. Given a pair of exobase H density and temperature the radiative transfer 
equation is solved to achieve convergence, and the line of sight (LOS) integrated 
intensities are computed for each day of observation onto a low resolution image. The 
result is then bilinearly interpolated onto a more refined grid to create an image with the 
same dimensions as that of the HST image (2000 × 2000 pixels). For low values of 
exobase number densities, the line of sight brightness displays a linear behavior with 
increasing number density in agreement with optically thin atmospheric conditions. 
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However, under optically thick conditions achieved at low altitudes due to the high local 
H number density, the line integrated intensities deviate from a linear behavior. This is 
because at low densities, the atmosphere is optically thin and the total LOS scattered 
intensity is directly proportional to the number of atoms (scatterers) along the LOS. 
However, as the atmospheric density increases the emission line center becomes 
completely saturated and all the photons received from the source are scattered back. 
Adding more atoms does not change the amount of scattered light very much (deviation 
from linear behavior) unless the contribution from the optically thin wings of the line gets 
introduced by increasing the number of high energy atoms in the atmosphere. Figure 6.2 
demonstrates the deviation of the line integrated intensity from its linear response to 
optically thick conditions at an altitude of ~6300 km (the curve of growth). This agrees 
well with the simulations of Chaufray et al. [2008]. 
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Figure 6.2: Variation of the radiative transfer model intensity along a particular 
line of sight at a radial distance of ~6320 km as a function of the hydrogen exobase 
density for 27th October 2007. The straight line represents the intensities for an optically 
thin atmosphere whereas the points in the figure represent the computed intensities from 
the radiative transfer model, which accounts for multiple scattering due to an optically 
thick atmosphere with τ < 200. At low densities, the output from the model matches the 
intensities due to an optically thin assumption in the linear part of the curve. At high 
densities, the variation of intensity with density becomes non-linear, i.e. a large variation 
in the density corresponds to a small variation in intensity, which is a characteristic of an 
optically thick atmosphere.  
 
While comparing the radiative transfer model simulations with the HST data in 
order to precisely determine the characteristics of the martian exosphere, a lot of 
uncertainties were encountered that would hinder this exact purpose. Some of those 
sources of uncertainties are highlighted in the sections below. 
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6.4.1 Degeneracy between RT Model Free Parameters 
There is degeneracy of solutions to the measured altitude profiles between the two 
free parameters of the model, i.e., exobase temperature and density. Numerous 
combinations of density and temperature would provide good fits to the HST data for a 
particular observation. This is because the radial brightness profile obtained from the 
radiative transfer model can be altered by changing either the temperature or the density 
or some combination of them. Figures 6.3a and 6.3b illustrate the behavior of the 
radiative transfer model for different values of density and temperature applied to a 
particular day of HST observation, 27th October 2007. Figure 6.3a shows the variation of 
the radial intensity profile for changing density at a constant temperature whereas Figure 
6.3b shows the variation of the radial intensity profile for changing temperature at a 
constant density. As is demonstrated in the figures, the intensity can be increased by 
increasing either the temperature or the density. This is because increasing the 
temperature broadens the spectral line scattering more light from the solar spectrum and 
provides more H atoms at large distances through the Chamberlain model derived profile, 
whereas increasing the density just provides more atoms to scatter light in the 
atmosphere. This increases the uncertainty in the model fits to the data, unless one of 
these parameters can be determined independently from another measurement. 
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Figure 6.3a: Variation of the radial brightness profile for the exosphere of Mars 
at a constant temperature of 340 K and changing exobase densities for the orbital 
configuration on 27th October 2007. The intensity of the martian hydrogen exosphere 
increases steadily with increasing exobase density for a constant exobase temperature. 
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Figure 6.3b: Variation of the radial brightness profile for the exosphere of Mars 
at a constant exobase density of 30000 cm-3 and changing exobase temperatures for the 
orbital configuration on 27th October 2007. The intensity of the martian hydrogen 
exosphere is seen to increase steadily with increasing temperature for a constant exobase 
density of atomic H. 
 
 6.4.2 Uncertainties from Data and Inherent Model Assumptions  
The radiative transfer model simulations were conducted assuming a single 
thermal population of hydrogen at different combinations of temperature and number 
density values at the exobase. A total of 234 combinations of nexo and Texo were modeled 
to obtain radial brightnesses, which were then bilinearly interpolated onto a finer nexo and 
Texo grid and compared to the HST data for the martian exosphere. The quality of the 
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model fit to the data was determined using the reduced 𝜒! value (Equation 5.1). The 
uncertainties in the HST data (ignoring the uncertainty in absolute calibration of the 
instrument discussed separately in section 6.4.4) is mainly from the Poisson noise of the 
photon counts in the detector and is very small (𝜎!"#$   <   ±  0.057  𝑘𝑅) as the ACS/SBC 
has zero read noise and negligible dark counts. The number of radial points at which the 
data and model are compared is given by n. The n-2 in the denominator normalizes the 𝜒! value to the number of fitted data points with -2 representing the two free parameters 
of the model, 𝑇!"# and 𝑛!"#. If a model represents the data perfectly then a value of 𝜒! = 1 should be obtained for the fit.  
 The uncertainty term in the denominator of equation 6.1 only represents the 
uncertainty from the data obtained, and ignores the contribution from the modeling 
process. The modeling process involves several uncertainties, most of which arise from 
the various intrinsic assumptions made about the nature of the martian exosphere. 
Examples are a spherically symmetric exosphere at an uniform temperature, a Gaussian-
Dopplerian absorption profile with a constant temperature for all the H atoms in the 
exosphere, complete frequency redistribution, similar conditions in the day and night 
sector, presence of a single H population, etc. It is difficult to ascertain the exact nature of 
the uncertainties due to each of these assumptions without extensive modeling. Ignoring 
this term in equation 6.1 will drive the reduced 𝜒! values to be much greater 1. In our 
modeling process we consider a modeling uncertainty to have a maximum value of 10% 
which means that 𝜒! < 100 are acceptable. Figure 6.4 (6.4a to 6.4h) displays the reduced 𝜒! map for all the HST observations. The color saturation in the figures represents 𝜒! > 
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100 which means that all those combinations of exospheric temperature and density will 
never generate a reasonable model fit to the data and therefore can be eliminated. The 
figure also demonstrates regions with 𝜒! < 100 thereby implying that the exospheric 
temperature or density at Mars is not well constrained by the modeling process on 
account of the degeneracy between the two parameters.   
 
Figure 6.4a: Reduced χ2 plot for radiative transfer model fits to the Lyman α observation 
obtained on 15th October 2007.  
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Figure 6.4b: Reduced χ2 plot for radiative transfer model fits to the Lyman α observation 
obtained on 27th October 2007.  
 
Figure 6.4c: Reduced χ2 plot for radiative transfer model fits to the Lyman α observation 
obtained on 9th November 2007.  
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Figure 6.4d: Reduced χ2 plot for radiative transfer model fits to the Lyman α observation 
obtained on 30th May 2014.  
 
Figure 6.4e: Reduced χ2 plot for radiative transfer model fits to the Lyman α observation 
obtained on 15th September 2014. 
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Figure 6.4f: Reduced χ2 plot for radiative transfer model fits to the Lyman α observation 
obtained on 5th October 2014.  
 
 
Figure 6.4g: Reduced χ2 plot for radiative transfer model fits to the Lyman α observation 
obtained on 20th October 2014.  
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Figure 6.4h: Reduced χ2 plot for radiative transfer model fits to the Lyman α observation 
obtained on 12th November 2014.  
 
 
 6.4.3 Uncertainty from the Presence of a Superthermal Population of H 
 The temperatures derived from the simulations with a single population of 
hydrogen from model fits to the HST data have been found to be considerably higher 
than the temperatures measured for the bulk atmosphere below the exobase, which is 
taken to be at an altitude of 200 km (Table 5.2) [Bhattacharyya et al., 2015]. Deriving 
such high temperatures for the hydrogen exosphere would require that either the H atoms 
be at a much higher temperature in the highly collisional environment of the lower 
atmosphere from which they originate, or that the H atoms be energized at or near the 
	  	  	  
162	  
exobase. The first scenario would be difficult to maintain and there is no evidence for the 
second one. The optically thin Lyman β measurements at Mars by the Rosetta spacecraft 
revealed a temperature of the exosphere of 260 K [Feldman et al., 2011], which is more 
in sync with the lower atmospheric temperature and argues against the entire H 
population being at the temperatures derived by the radiative transfer modeling process.  
 One of the possible solutions proposed in Bhattacharyya et al. [2015] is the 
presence of a two component population of H at Mars, with a thermal component at 
temperatures close to the temperature of the lower bulk atmosphere mixed with a 
fractional superthermal component created by non-thermal processes at Mars. Such a 
component has been detected both at Earth and Venus [Kumar et al., 1978; Anderson 
1976; Bertaux et al., 1977; Chaufray et al., 2012; Liu and Donahue, 1974a, 1974b, 
1974c; Chamberlain, 1977; Maher and Tinsley, 1977; Bishop, 1985]. Figure 6.5 shows 
the comparison between fits to the HST data using both the single component and the 
two-component models. As is evident from the figures, the two-component model fits the 
data better when Mars is closer to the Sun, indicating some relation between the hot 
component production process and the solar EUV flux and solar wind. 
 The possibility of the presence of a superthermal hot component of H in the 
exosphere of Mars further increases the uncertainty in determining the exobase 
temperature and density of the exosphere of Mars, as this adds to the number of free 
parameters in the modeling process to 4 (Thot, nhot, Tcold, ncold). The uncertainty in 
determining the precise nature of this population also increases the uncertainty in 
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calculating the H escape flux from Mars, as there is the possibility of the existence of 
more than two components or a non-Maxwellian velocity distribution for the hot 
component/components. Tables 6.1 and 6.2 gives the escape flux values in the 
absence/presence of a hot population. The presence of such a population increases the 
escape flux by a factor of ~2 when compared to a single thermal population scenario for 
the martian exosphere, thus this is an important difference. 
 
Figure 6.5a: 1 component & 2 component model fits to HST data for 15th October 2007 
when the Mars-Sun distance was 1.47 AU. 
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Figure 6.5b: 1 component & 2 component model fits to HST data for 27th October 2007 
when the Mars-Sun distance was 1.5 AU. 
 
Figure 6.5c: 1 component & 2 component model fits to HST data for 9th November 2007 
when the Mars-Sun distance was 1.52 AU. 
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Figure 6.5d: 1 component & 2 component model fits to HST data for 30th May 2014 
when the Mars-Sun distance was 1.57 AU. 
 
Figure 6.5e: 1 component & 2 component model fits to HST data for 15th Sept. 2014 
when the Mars-Sun distance was 1.43 AU. 
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Figure 6.5f: 1 component & 2 component model fits to HST data for 5th October 2014 
when the Mars-Sun distance was 1.41 AU. 
 
Figure 6.5g: 1 component & 2 component model fits to HST data for 20th October 2014 
when the Mars-Sun distance was 1.4 AU. 
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Figure 6.5h: 1 component & 2 component model fits to HST data for 12th November 
2007 when the Mars-Sun distance was 1.39 AU. 
 
 6.4.4 Uncertainty in Absolute Calibration 
     The ACS camera on HST has been extensively used to obtain images of UV 
emissions from the aurora at Jupiter and Saturn. Therefore careful studies have been done 
with regards to the response of the instrument to UV light [Grodent et al., 2001, 2003]. 
Since these emissions span a band of wavelength in the ultraviolet for which ACS is 
sensitive, the calibration of the instrument was determined for the spectral distribution of 
the observed auroral emissions [Gustin et al., 2012]. As noted in Chapter 2, it is this band 
averaged calibration factor of 0.002103 counts/pixel-sec-kR which was used in the 
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analysis of Clarke et al. [2014] (Chapter 4). However, this calibration factor for HST was 
updated in the results presented in Bhattacharyya et al. [2014]. This update is for the 
instrument response at a single wavelength in the UV (Lyman α) instead of the 
previously used bandpass averaged value.  
The throughput of the instrument is required to determine the calibration factor. 
This is done by modeling the sensitivity of ACS for wavelengths within the bandpass 
from knowledge of the instrument component efficiencies [ACS Handbook Ver. 15, p. 
48-53 & 219, 222], which introduces a small uncertainty in the final calibration value and 
has been taken as ± 10% in this analysis. This uncertainty in the calibration factor also 
contributes towards determining the exospheric temperature and density of the H 
population at Mars from the HST observations. For example, for 30th May 2014 the best 
fit single component temperature was 365 ± 45 K and the best fit number density was 
19000 ± 3000 cm-3. This changes to 380 ± 40 K and 16000 ± 3000 cm-3 for a 10% 
increase in the calibration factor and 335 ± 30 K and 25000 ± 5000 cm-3 for a 10% 
decrease in the calibration factor [Table 6.1 and Table 6.2]. Hence now the range of best 
fit temperature and density for 30th May changed from 325 - 410 K, 16000 – 22000 cm-3 
to 305 - 420 K and 13000 – 30000 cm-3 thereby increasing the uncertainty in determining 
the characteristics of the martian exosphere. 
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                                                  Table 6.1: Fits to the Data with Single Component Model for H  
Date 
Normal abscal + 10% abscal -10% abscal 
Texo (K) 
nexo 
(cm-3) 𝝌𝟐 ∅𝒋𝒆𝒂𝒏𝒔 ( x 108 
cm-2s-1) 
Texo (K) 
nexo 
(cm-3) 𝝌𝟐 ∅𝒋𝒆𝒂𝒏𝒔 ( x 108 
cm-2s-1) 
Texo (K) 
nexo 
(cm-3) 𝝌𝟐 ∅𝒋𝒆𝒂𝒏𝒔 ( x 108 cm-2s-
1) 
10/15/2007 
440 
(425-440) 
24000 
± 1000 
5.7 
2.99 
± 0.12 
440 
(430-440) 
21000 
± 1000 
10 
2.62 
± 0.12 
440 
(405-440) 
28000 
± 3000 
3.2 
3.49 
± 0.37 
10/27/2007 
380 
(370-400) 
25000 
± 1000 
6.7 
1.94 
± 0.08 
420 
(400-425) 
19000 
± 2000 
9.1 
2.05 
± 0.21 
350 
(330-365) 
33000 
± 3000 
4.4 
1.90 
± 0.18 
11/09/2007 
360 
(355-370) 
25000 
± 1000 
5.7 
1.6 
± 0.06 
395 
(380-410) 
19000 
± 1000 
7.9 
1.68 
± 0.09 
330 
(320-355) 
34000 
± 4000 
4.1 
1.55 
± 0.18 
  
05/30/2014 
365 
(320-410) 
19000 
± 3000 
2.2 
1.28 
± 0.2 
380 
(340-420) 
16000 
± 2000 
2.4 
1.24 
± 0.15 
335 
(305-365) 
25000 
± 5000 
2 
1.21 
± 0.24 
    
09/15/2014 
440 
(410-440) 
27000 
± 2000 
3.5 
3.36 
± 0.25 
440 
(415-440) 
25000 
± 2000 
4.5 
3.11 
± 0.25 
440 
(395-440) 
31000 
± 3000 
2.6 
3.86 
± 0.37 
10/05/2014 
440 
(410-440) 
42000 
± 3000 
7.1 
5.23 
± 0.37 
440 
(420-440) 
37000 
± 2000 
9.3 
4.61 
± 0.25 
440 
(400-440) 
48000 
± 3000 
5 
5.98 
± 0.37 
10/20/2014 
440 
(425-440) 
53000 
± 3000 
20 
6.6 
± 0.37 
440 
(430-440) 
46000 
± 2000 
26 
5.73 
± 0.25 
440 
(420-440) 
62000 
± 3000 
15 
7.72 
± 0.37 
11/12/2014 
440 
(425-440) 
67000 
± 3000 
21 
8.35 
± 0.37 
440 
(430-440) 
58000 
± 2000 
28 
7.22 
± 0.24 
440 
(415-440) 
77000 
± 3000 
14 
9.59 
± 0.37 
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Table 6.2: Fits to the Data with Two Component Model for H 
Date Tcold (K) 
Normal abscal +10 % abscal -10% abscal 
ncold 
(cm-3) 
nhot 
(cm-3) 𝛘𝟐 ∅𝒋𝒆𝒂𝒏𝒔 ( x 108 cm-2 s-1) ncold (cm-3) nhot (cm-3) 𝛘𝟐 ∅𝒋𝒆𝒂𝒏𝒔 ( x 108 cm-2 s-1) ncold (cm-3) nhot (cm-3) 𝛘𝟐 
∅𝒋𝒆𝒂𝒏𝒔 
( x 108 
cm-2 s-
1) 
10/15/2007 170 105000 ± 3000 
12300 
± 600 7.6 
5.98 
± 0.3 
84000 
± 2000 
11300 
± 500 10 
5.48 
± 0.24 
136000 
± 4000 
14100  
± 600 5.5 
6.87 
± 0.3 
10/27/2007 170 96000 ± 2000 
8700 
± 200 17 
4.25 
± 0.1 
78000 
± 1000 
9700 
± 200 42 
4.71 
± 0.09 
125000 
± 2000 
11400 
± 300 87 
5.6 
± 0.14 
11/09/2007 170 91000 ±1000 
7700 
± 200 16 
3.77 
± 0.07 
74000 
± 1000 
7500 
± 200 28 
3.66 
± 0.09 
119000 
± 2000 
8400 
± 100 16 
4.1 
± 0.5 
05/30/2014 200 47000 ± 1000 
4600 
± 400 4.1 
2.35 
± 0.22 
39000 
± 2000 
4700 
± 400 22 
2.37 
± 0.20 
58000 
± 2000 
5200 
± 500 4.6 
2.7 
± 0.25 
09/15/2014 200 71000 ± 4000 
12200 
± 1100 2.3 
6.06 
± 0.55 
58000 
± 3000 
11300 
± 1000 2.8 
5.59 
± 0.49 
91000 
± 6000 
13400 
± 1100 2.7 
6.7 
± 0.55 
10/05/2014 230 66000 ± 5000 
18500 
± 1500 2.6 
9.36 
± 0.84 
53000 
± 3000 
17100 
± 1500 4 
8.59 
± 0.74 
86000 
± 7000 
20200 
± 1700 2.2 
10.3 
± 0.9 
10/20/2014 240 85000 ± 5000 
23800 
± 2000 7.8 
12.2 
± 1.0 
66000 
± 3000 
22100 
± 1800 9.8 
11.2 
± 0.89 
132000 
± 8000 
24100 
± 1900 11 
12.8 
± 0.9 
11/12/2014 240 97000 ± 7000 
29400 
± 2000 5.1 
15.0 
± 1.0 
74000 
± 4000 
27700 
± 1900 7.5 
13.0 
± 0.95 
138000 
± 10000 
32100 
± 1900 5.1 
16.7 
± 1.0 
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6.5 Comparison between HST and Simulated Spacecraft Orbital Geometry 
In addition to the various factors that add to the uncertainty in determining the 
exospheric hydrogen temperature and density in the martian exosphere through the 
modeling process discussed in the previous section, spacecraft orbital geometry could 
also affect the conclusions derived about the characteristics of the martian exosphere. 
This section presents a discussion of the effect of analyzing data from a limited range of 
altitude, as encountered by orbiting spacecraft around Mars on the derived exospheric 
temperature and density values for H. 
The primary differences between the Lyman α data collected by remote spacecraft 
like HST and orbiting spacecraft around Mars like MAVEN, MEX, and others is that the 
orbiters are embedded within the atmosphere of Mars, and therefore limited to measuring 
intensities along a smaller range of altitudes (≤ 6000 km) than HST (700 – 30,000 km) at 
a given time. In order to study the effect of this spacecraft orbital geometry, simulations 
of data that would be collected by a Mars orbiter were performed and the radiative 
transfer model, assuming only a single thermal population of hydrogen, was used to 
obtain the best fit exospheric temperature and density for H through 𝜒! minimization, at 
Mars. Orbiting spacecraft data have been simulated by restricting HST observations to 
altitude between 2000 km and 6000 km and decreasing its magnitude by half. This 
difference in magnitude of H exospheric brightness measured by HST and a Mars 
orbiting spacecraft embedded within its H corona has been determined by the spacecraft 
line of sight geometry and the factor is close to 0.5. The results of the modeling process 
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were compared with the densities and temperatures derived from modeling of the HST 
data. Figure 6.6a displays a comparison between the HST data and simulated spacecraft 
data for 15th September 2014 along with their corresponding best model fits. 
 
 
Figure 6.6a: Best single component model fit to the radial brightness profile of the 
martian exosphere for 15th September 2014 taken by HST and compared alongside the 
simulated spacecraft data for the same date and the best model fit to it. The spacecraft 
data spans a much smaller portion of the HST profile. 
 
	  	  	  
173	  
	   
 
Figure 6.6b: Variation of the reduced χ2 values for single component model fits to the 
simulated spacecraft data (top) and HST data (bottom) as a function of exobase 
temperature and density for 15th September 2014. Due to the limited altitude range 
covered by the spacecraft, all the combinations of temperature and density that would fit 
the data well are not obtained as is evident from the larger red area in the top plot than 
the bottom one. 
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On fitting the radiative transfer model outputs to the simulated spacecraft data, the 
range of best fit temperature and number density combinations decreased significantly in 
comparison to the combinations obtained for the full altitude range of HST data. This is 
evident from the reduced 𝜒! plots presented in Figure 6.6b for the orbiting spacecraft and 
HST data for 15th September 2014. The red area in the plot which indicates combinations 
of modeled temperature and number densities that would never fit the data is much 
smaller for the HST plot than for the orbiting spacecraft plot. Therefore the degeneracy 
seems to decrease when the intensities are modeled for a smaller portion of the altitude 
range. This implies that observations over a narrow range in altitude can indicate 
artificially low uncertainties, and not capture the full range of possible temperature and 
density values for the martian hydrogen exosphere. They can also limit the sensitivity to 
the true thermal properties of the martian exosphere and mask the possible presence of a 
superthermal population. Care should be exercised in the future in analyzing radial 
intensity profiles with limited altitude coverage. Another difference between HST and 
spacecraft observations is the uncertainty associated to the subtraction of the 
interplanetary emission, which is superimposed on to the exospheric emission, something 
which is easier with HST from the offset pointings. 
6.6 Latitudinal Symmetry of the Martian Exosphere 
Throughout the modeling history of martian exospheric exploration, there have 
been some inherent assumptions made about the intrinsic characteristics of the H 
population comprising this layer of atmosphere. One of those assumptions is that the 
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exosphere of Mars is symmetric in nature. In this section the symmetry of the martian 
exosphere is explored by studying the latitudinal variation using HST images of Mars 
obtained during both the 2007 and the 2014 observing campaign, excluding the 20th 
October 2014 and the 9th November 2014 HST observations since the quality of modeled 
fits to the data for these days was poor in comparison to the other days of observations. 
The day-night symmetry was also studied using the HST image obtained on 15th October 
2007 with Mars placed in the center of the field of view, giving access to measure the 
nightside altitude profile (Figure 6.7a).  
Five equally spaced angular cuts varying in latitude were taken on the dayside of 
each HST observation ranging from 0°-36°, 36°-72°, 72°-108°, 108°-144° and 144°-180° 
with the sub-solar point at 90° (in the 72°-108° angular sector). The angle 0° represents 
the north pole of Mars and the angle 180° represents the south pole of Mars in the 
images. Radial brightness profiles were obtained from the HST image of the martian 
exosphere for different solar zenith angle (SZA) ranges and compared with modeled 
profiles for the same day of observation, assuming a symmetrical exosphere. The model 
runs were for the best fit temperature and density combination for that particular HST 
observation using both the single component and the two component method and the 
absolute calibration of the HST data was taken to be 0.002633 counts/pixel-sec-kR 
(Table 5.2). Figure 6.7a shows the angular slices that were considered for comparison 
between data and model to test the latitudinal symmetry of the martian exosphere for the 
HST observation obtained on 15th October 2007.      
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Figure 6.7a: The different angular sections considered for studying the 
latitudinal symmetry of the martian exosphere displayed for the image obtained by HST 
on 15th October 2007 with the Sun-Mars-Earth phase angle as 40°. The Sun is directly on 
the left of the image and the dayside hemisphere is between angles 0° and 180° whereas 
the night side hemisphere is between angles 180° and 360°. The center of the image is 
occupied by the disc of the planet and has been ignored in the analysis.  
 
On comparing the radial variation of the Lyman α intensity for the dayside of the 
martian exosphere for the different days of HST observation, it was noticed that the 
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difference in intensity between data and model was much higher in the 0°-36° (top) and 
144°-180° (bottom) angular sectors. In the top and bottom sectors, depending on the 
quality of the modeled fits to the different days of observation, the modeled Lyman α 
intensity was much higher than the observed intensity of the martian exosphere, with an 
average difference of 2-13% below 2.5 martian radii between data and model using the 
single component method and 1.5-8% using the two component method.  For the other 
three angular ranges, 36°-72°, 72°-108° and 108°-144° the difference between data and 
model was 0.1-5% below 2.5 martian radii using both the single and the two component 
method. The variation between the mean percentage difference in the data and model for 
the different angular sectors in each individual observation was found to be 5-8% below 
2.5 martian radii but less than 2% above this altitude. This suggests that at higher 
altitudes the exosphere tends to become more symmetric at all latitudes, as the atoms 
populating these higher altitudes originate from a wide range of latitudes and longitudes 
on Mars. This agrees well with the findings of Holmstrom [2006] using a Monte Carlo 
model simulation of the energies of the particles in the exosphere of Mars, as well as 
Chaufray et al. [2015] using a 3-D Martian Global Circulation Model which couples the 
martian thermosphere with its exosphere. Figure 6.7b shows the comparison between 
data and model (both single component and two components) in three angular sectors on 
the dayside of the martian exosphere for the HST observation taken on 15th October 2007. 
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Figure 6.7b: Comparison between data and the best fit single and two component model 
runs for different angular sectors on the dayside of Mars for 15th October 2007. The 
model predictions are brighter close to the planet and smooth out at larger distances 
(beyond 2.5 martian radii). 
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Figure 6.7c: Comparison between data and the best fit single and two component model 
runs for different angular sectors on the night side of Mars for 15th October 2007. The 
model predictions are brighter close to the planet and smooth out at larger distances 
(beyond 2.5 martian radii). 
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A study of the night side symmetry for the exosphere for Mars was done using the 
image obtained by HST on 15th October 2007 which has Mars centered in the field of 
view. Comparisons of radial intensity profiles between data and the best fit model run for 
15th October 2007 were done for angular sectors 180°-216°, 216°-252°, 252°-288°, 288°-
324° and 324°-360° on the night side, and the mean percentage differences at all altitudes 
were found to be ~17.2, 16.1, 9.4, 20.6 and 16.7 using the single component method and 
~8.2, 6.1, 2.4, 10.1 and 7.3 using the two component method. Once again, the latitudinal 
variation between data and model in between the different angular sectors was higher 
below 2.5 martian radii and less than 2% above this altitude. Figure 6.7c shows the 
comparison between data and model (both single component and two components) in 
three angular sectors on the night side of the martian exosphere for the HST observation 
taken on 15th October 2007. The single component model does a worse job of fitting the 
data on the night side than the two-component model. This could be due to the 
assumption of a single high temperature in the single component model for both the day 
and night side, a condition which is not true for the real martian exosphere. 
The discrepancy observed between data and model could be due to the breakdown 
of the assumption of a single isothermal exosphere in the modeling process, especially on 
the night side. Mars Global Circulation Models (MGCMs) indicate differences of 100-
300 K between the day and night side temperatures of the martian atmosphere, depending 
on solar activity and the position of Mars around the Sun [Bougher et al., 2015b]. 
Disagreement between data and model at low altitudes was also derived by Chaffin et al. 
[2015] with data from the MAVEN 35 hour insertion orbit, which could again be due to 
	  	  	  
181	  
	  
perturbations in the density profile from temperature differences between the day and 
night sectors. Mars Thermosphere Global Circulation Modeling (MTGCM) results do 
show variation in the exospheric hydrogen density profiles with local time [Chaufray et 
al., 2015; Valeille et al., 2009].   
6.7 Discussion 
The exosphere of Mars has been revealed to be a highly dynamic system affected 
by seasonal variations. It is important to characterize the behavior of this uppermost layer 
of the martian atmosphere in order to determine the history of water reserves that existed 
on the surface of Mars, and to test the sensitivity of the modeling to various parameters. 
6.7.1 Changes in Lyman α Intensity of the Exosphere of Mars 
The exosphere of Mars decreased in brightness by 40% over a period of ~4 weeks 
using the Hubble Space Telescope (HST) during October-November 2007 [Clarke et al., 
2009]. This was the first time that such a change in the martian exosphere had been 
observed over very short timescales, as interpretation of earlier theory [Hunten, 1973; 
Krasnopolsky, 2002] led to the exosphere being static and not easily influenced by 
external factors. This decrease observed in October-November 2007 was also recorded by 
SPICAM on MEX for ~6 months (July 2007 – January 2008) and corresponded to an 
order of a magnitude decrease in H escape flux [Chaffin et al., 2014]. Several potential 
scientific reasons were discussed in Clarke et al. [2014] to explain this change displayed 
by the martian exosphere. The first possible reason is the variation of the solar Lyman α 
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flux due to changes in solar activity and/or distance of Mars from the Sun. However 
during 2007 the solar activity was near its minimum along the solar cycle and the solar 
Lyman α flux was almost a constant, which eliminated it as the driving force behind the 
observed changes in the martian exospheric brightness. Another factor governing the 
brightness of the exosphere is the number density of hydrogen, which is directly 
dependent on the sublimation rates of H2O, its diffusion and dynamics in the lower 
atmosphere based on the effects of seasonal changes and dust activity at Mars. During 
June 2007 a global dust storm was recorded at Mars with the dust opacity decreasing 
from ~0.8 to 0.2 in the following 6 months [Montabone et al., 2012]. Seasonal variations 
could also have contributed towards changing the brightness of the exosphere during the 
second half of the year 2007, as the water content of the martian atmosphere is known to 
change corresponding with seasonal variations and the distance of Mars from the Sun in 
its orbit [Smith, 2009]. At the time of the 2007 observations by MEX and HST, Mars was 
moving away from the Sun in its orbit with its solar longitude Ls position changing from 
331° to 345° for the HST observation time period. 
To distinguish the influence of seasons from dust storms on the exosphere of 
Mars, more observations were obtained in 2014 over a larger range of solar longitudes  
(Ls = 138°-232°), during which period Mars was approaching the Sun in its orbit. A 
steady increase in exospheric intensity was recorded with each corresponding 
observation. For these observations, the solar activity was almost a constant even though 
the solar cycle was approaching its maximum in 2014. One exception was on October 
19th/20th 2014 when a medium (M7) class solar flare was detected at Mars during the 
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passage of the comet Siding Spring. The HST observations taken during the comet 
encounter indicate a negligible change in Lyman α intensity (< 2%), which is consistent 
with changes in solar Lyman α flux at Mars (Figure 6.8). Only regional dust activity was 
detected at Mars during the 2014 observations (http://themis.mars.asu.edu/dust_maps). 
This established seasonal changes to be in correlation with the exospheric changes 
brought about at Mars [Bhattacharyya et al., 2015], although added effects from dust 
storms are still possible.  
 
Figure 6.8: Variation of the dayside radial brightness profile of Lyman α emission from 
the exosphere of Mars during the passage of comet Siding Spring on 19th/20th October 
2014. Changes of less than 2% was observed in the brightness of the exosphere, 
suggesting that the passage of the comet had very little impact on the characteristics of 
the martian exosphere. 
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The scattered Lyman α intensity from the H atoms present in the exosphere of 
Mars can be increased or decreased by changing the hydrogen content of this layer. 
Historically, atomic hydrogen has been assumed to be supplied to the upper reaches of 
the martian atmosphere through the process of diffusion of molecular hydrogen formed 
by the dissociation of water vapor by solar UV light in the lower atmosphere. This 
process has an average timescale of ~50 days [Clarke et al., 2014]. However, data from 
MEX has shown that the vertical extent of water vapor can exceed that predicted by 
martian climate models due to super-saturation [Maltagliati et al., 2011, 2013; Fedorova 
et al., 2006, 2009]. This would allow more water vapor to be present at high altitudes, 
which could be directly photo-dissociated by near UV sunlight and provide an added 
source of H, thereby allowing the short timescale changes in the martian exospheric 
Lyman α intensity as seen by HST and MEX in 2007 and 2014. This change in the 
atmospheric water vapor content can be brought about by seasons at Mars and to some 
extent dust storms, which also occur at specific seasons (southern summer). 
 The increased martian exospheric brightness observed by HST in 2014 was quite 
dramatic and corresponded to an increase in the H escape flux by a factor of ~5.4 
[Bhattacharyya et al., 2015]. Through analysis of this data it is also evident that the 
altitude at which the exosphere of Mars becomes optically thick in Lyman α also varies 
with seasons. Figure 6.9a and Figure 6.9b displays the variation of the optical depth at 
line center for Lyman α with altitude for the different HST observations taken in 2014 
along the Sun-Mars line of sight both for the single population and the two population 
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model. From the plots it can be seen that the altitude at which the martian exosphere 
became optically thick (τ=1), along a vector parallel to the Sun-Mars line, changed from 
~3200 km on 30th May 2014 to ~13000 km on 12th November 2014 for the two 
population model. The same effect happened at ~2300 km on 30th May 2014 to ~9100 km 
on 12th November 2014 for the single component model. This suggests that multiple 
scattering effects are dominant even at high altitudes for the martian exosphere, 
especially when Mars is near perihelion in its orbit. This makes it difficult for a 
spacecraft orbiting Mars to measure Lyman α emission from the optically thin part of the 
exosphere, which may be limited to altitudes higher than the spacecraft’s trajectory. 
 
Figure 6.9a: Variation of optical depth with altitude using number densities and 
temperatures derived from best single component model fits to all the 2014 HST 
observations (normal absolute calibration). The altitude where the martian exosphere 
becomes optically thick varies from ~2300 km on 30th May 2014 (Mars farther away from 
the Sun, Ls = 138°) to ~9100 km on 12th November 2014 (Mars closer to the Sun, Ls = 
232°).  
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Figure 6.9b: Variation of optical depth with altitude using number densities and 
temperatures derived from best two component model fits to all the 2014 HST 
observations (normal absolute calibration). The altitude where the martian exosphere 
becomes optically thick varies from ~3200 km on 30th May 2014 (Mars farther away from 
the Sun, Ls = 138°) to ~13000 km on 12th November 2014 (Mars closer to the Sun, Ls = 
232°).  
 
The discovery of a strong seasonal variation in the hydrogen escape flux from the 
martian exosphere contradicted the interpretation of earlier theory [Hunten, 1973; 
Krasnopolsky, 2002] of a diffusion-limited H escape from Mars. This steady state picture 
was modified through modeling and observations in the past decade after the initial HST 
observations in 2007 [Clarke et al., 2009]. Simulations using a Martian Global 
Circulation Model for non-uniform exobase conditions also indicate the increase of the H 
escape flux from Mars with the seasonal increase in incident solar EUV flux at the 
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martian upper atmosphere [Chaufray et al., 2015]. However the variations in H escape 
flux predicted by the MGCM model are smaller than the changes observed by HST in 
2014 [Bhattacharyya et al., 2015]. Indications of seasonal changes have also been 
observed in the pick-up ions of exospheric origin at Mars, as well as reflected solar wind 
ions at the bow shock [Yamauchi et al., 2015], as well as in the occurrence of waves at 
the proton-cyclotron frequency [Bertucci et al., 2013], and in the altitude of the 
magnetosheath [Brain et al., 2005]. It is important to precisely determine the influence of 
various factors like solar EUV flux, behavior of the intrinsic atmosphere, dust storms, etc. 
on the escape flux of H from the exosphere of Mars in order to trace the total volatile 
content of the martian atmosphere lost from it over its history of evolution. 
6.7.2 The Presence of Superthermal Hydrogen Atoms in the Exosphere of 
Mars 
   The analysis of the HST data with the assumption of a single thermal population 
has resulted in hydrogen exobase temperatures which are much higher than the bulk 
lower atmosphere (< 200 km). This higher observed temperature for the exospheric H 
population could be due to the presence of a hot component of H mixed with a thermal H 
population at a lower temperature, or the bulk hydrogen population could be energized by 
some external mechanism. There is no observational evidence for the second scenario. 
However, the first scenario is quite plausible, as evidence of a superthermal population of 
H has already been found at Venus and Earth [Kumar et al., 1978; Anderson, 1976; 
Bertaux et al., 1977; Chaufray et al., 2012; Liu and Donahue, 1974a, 1974b, 1974c; 
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Chamberlain, 1977; Maher and Tinsley, 1977; Bishop, 1985]. For this reason fits are 
presented to the HST data both with and without the presence of a superthermal 
population of H in the martian exosphere. The mechanisms that give rise to such an 
energetic population of H as well as its characteristics is not well understood [Groller et 
al., 2015b]. 
Lichtenegger [2004] first suggested the presence of a two population scenario at 
Mars with a thermal cold component (~200 K) and a superthermal hot component (~800 
K) based on findings at Venus. The hotter component was speculated to be generated 
from acceleration of H+ ions that have recombined to form energetic neutral H at 
altitudes above the exobase. Since the exosphere is collisionless, this energetic population 
of H atoms does not get thermalized with the rest of the bulk atmosphere. Various non-
thermal mechanisms like acceleration of exospheric pick-up ions by the solar wind, H 
ionization by charge-exchange with solar wind protons, charge exchange of pick-up ions 
leading to energetic neutral atoms, atmospheric sputtering by re-impacting pick-up ions, 
ion escape and ion outflow as well as molecular photo-dissociation can lead to the 
formation of high energy H atoms capable of escaping the gravity of Mars. Evidence of 
charge exchange between solar wind heavy ions and energetic exospheric neutrals was 
detected by the ASPERA-3 instrument on Mars Express [Barabash and Lundin, 2006]. 
The energetic neutrals detected by ASPERA-3 could also be a result of elastic collisions 
with other energetic atoms in the exosphere [Kallio et al., 1997; Shematovich, 2013]. 
Cometary studies indicate that photo-dissociation of water vapor produces energetic H 
atoms with high velocities (17-30 km/s) which would give rise to a superthermal 
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population of H [Combi, 1996]. However, the amount of water produced by cometary 
disintegration or internal water are not enough to match the predictions of superthermal H 
through HST analysis. Dissociative excitation of H2 by high-energy electron impact can 
also give rise to a superthermal population of H atoms in a planetary atmosphere, a 
process known to occur at Jupiter [Ajello et al., 1995; Schneider et al., 1994; Fox 1993]. 
The kinetic energy of the H atom taken from a dissociatively excited H2 molecule is 
dependent on the energy of the impacting electron. The knowledge on the relative 
contribution of this process is hampered by the lack of measurements of H2 densities, 
although H2 is more abundant than H in the GCM models. Collisions with superthermal 
oxygen atoms produced by dissociative recombination in the exosphere as well as 
dissociative recombination of HCO+ could also lead to the formation of hydrogen atoms 
with higher energy than the bulk population [Shematovich, 2013; Groller et al., 2015b]. 
Mars’ surface gravitational force is ~38% of the Earth resulting in an exosphere 
with larger scale heights than those at Earth or Venus (g ~90% of the Earth). This makes 
it harder to distinguish between the thermal and superthermal population of H likely 
present in the martian exosphere, as they appear to be well mixed up to very high 
altitudes (10,000 km). Modeling of MEX and HST observations indicate mean 
temperatures of 200 K for the thermal population and 800 K for the superthermal 
population, and the superthermal population has a much lower number density than the 
thermal population (~10%). These derived characteristics for the two populations would 
require a high spectral resolution in order to detect the two populations independently. 
However, the same is not true in the case of heavier atoms like oxygen, and a two 
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temperature population of O at Mars has been detected by both the Alice UV 
spectrograph onboard the Rosetta spacecraft [Feldman et al., 2011] and the IUVS 
instrument on the MAVEN spacecraft [Deighan et al., 2015]. 
6.7.3 Symmetric Nature of the Martian Exosphere 
Planetary exospheres are not spherically symmetric due to effects such as 
photoionization, radiation pressure, charge exchange, recombination, planetary rotation, 
atmospheric circulation, etc. However, the Chamberlain assumption for the exosphere 
takes into account only the force of gravity acting on the neutral atmospheric particles 
and assumes that the exobase parameters such as the number density and temperature are 
uniform over a spherical exobase with no collisions above the exobase. This is a good 
assumption for neutral exospheres at high altitudes, as non-uniform exobase conditions 
smooth out at large distances from the planet due to the broad trajectories of the atoms. 
However, at low altitudes it can result in poor fits to the data due to variations of H 
density with local time arising from the non-uniform conditions. Monte Carlo simulations 
by Holmstrom [2006] found that a density variation at the exobase by a factor of 10 is 
reduced to a factor of 3 at 2 Rmars and a factor of 2 at 10 Rmars. This observed latitudinal 
smoothing of the density distribution at high altitudes using the Monte Carlo model also 
agrees with 3-D Thermosphere/Exosphere global circulation modeling by Chaufray et al. 
[2015], and is because neutral H atoms found at large radial distances travel thousands of 
kilometers over times equal to at least half the time of flight of the atom’s trajectory. On 
comparing the HST data at various sub-solar angles with the radiative transfer model 
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simulations, which assumes a Chamberlain exosphere without satellite particles, there are 
indications of a spherically symmetric exosphere beyond 2.5 Rmars. The residuals between 
the model and the data vary by less than 2% for different angular sectors above 2.5 Rmars. 
Comparisons between data and model below 2.5 Rmars between the different angular 
sectors for each HST observation excluding 20th October and 12th November 2014 
indicate a modest asymmetry in the latitudinal distribution of H atoms at these altitudes, 
and could be brought about by temperature differences between the day and night side of 
Mars [Bougher et al., 2015; Chaufray et al., 2015]. 
6.7.4 Advantages of Using Remote Observations to Study the Exosphere of 
Mars 
There are several advantages towards using HST or another distant remote 
observing platform to study the martian exospheric airglow in comparison with the 
spacecraft orbiting Mars, some of which are discussed in this section. HST’s orbit around 
Earth enables it to image a large extent of the martian dayside exosphere (1500 – 30,000 
km) in comparison to, for example, Mars Express, whose data spans altitudes up to a 
maximum of ~7000 km above the surface (~23% of the total exosphere which extends 
from ~200 to 50,000 km) covering ~2000 km at a time for a particular SZA only. A wider 
field of view allows for a better determination of the characteristics of the martian 
exosphere, including latitudinal symmetry through modeling (Section 6.6). The HST 
ACS-SBC instrument is a well studied and well used instrument and its absolute 
calibration could be determined with a ±10% uncertainty (Section 6.4.4 and Chapter 2). 
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In comparison, there are large uncertainties in accurately determining the absolute 
calibrations of SPICAM onboard MEX and IUVS on MAVEN, which are further 
complicated by their orbits being embedded within the exosphere of Mars. A 23% change 
in the absolute calibration for SPICAM measurement of the Lyman α emission profile at 
Mars at a solar zenith angle of 90° changed the best fit modeled temperature from 200 K 
to 400 K and the number density from 3.9 × 105 cm-3 to 4.5 × 104 cm-3 [Chaufray et al., 
2008]. Similarly for IUVS, a 25% uncertainty is indicated in the absolute calibration at 
the present time [Chaffin et al., 2015] which would result in larger uncertainties in 
density and temperature for the H corona than those quoted for HST in this chapter. The 
exobase temperature and number density are sensitive to the shape of the intensity 
profile, which in turn is dependent on accurately determining the absolute calibration of 
the instrument used to measure it. 
The analysis of the HST data also indicates the possibility of the presence of a 
superthermal population of H, which is well mixed with the thermal population at 
altitudes below 10,000 km. Hence, it would be advantageous to have an instrument 
capable of measuring the Lyman α emission from the martian exosphere at high altitudes 
where the superthermal population is likely dominant. High altitude measurements of the 
Lyman α emission from the martian exosphere like Mariner 6 and 7 have not been 
modeled using a two component population [Anderson and Hord, 1971], and the Rosetta 
data have been modeled assuming an optically thin atmosphere in Lyman α, which is not 
accurate for the martian exosphere [Feldman et al., 2011]. Spacecraft in orbit around 
Mars like MAVEN and MEX have, unlike HST, an orbital geometry such that there are 
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restrictions on obtaining the entire radial density profile for H at Mars. Because of this 
many possible combinations of temperature and density could go undetected (Section 
6.5). Therefore, careful analysis and interpretation of the data is required to obtain 
accurate results on the hydrogen atoms populating the exosphere of Mars. 
6.7.5 Escape Flux of Hydrogen from the Exobase of Mars 
The Jeans escape flux for hydrogen from the exobase of Mars, as calculated from 
the radiative transfer model fits to HST data, is directly dependent on the mean 
temperature and number density of the H atoms at the exobase. These are the two free 
parameters of the model through the following relation: 
                                          ∅!"# 𝜆!"# =    ! !!"#   !!!!"#   !!!! !   (𝜆!"# + 1)              (6.2) 
In the above equation, 𝑈!! = !!!!!"#!   is the mean thermal velocity and 𝜆!"# =    !"#!!!!"#  !!"# 
is the ratio of the thermal and escape velocity, with G as the universal gravitational 
constant, M as the mass of Mars, m as the mass of atomic hydrogen, kb as Boltzmann’s 
constant, Texo as the temperature at the exobase, and rexo as the altitude of the exobase.  
 The presence or absence of a hot hydrogen population leads to significant changes 
in the estimated escape flux, as it is sensitive to both the temperature and density. As an 
example, the escape flux calculated from the two component fits to the data was ~84% 
larger than the single component escape flux for 30th May. Similarly, for 12th November, 
the two component escape flux was 80% higher than the single component model fits. 
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 Uncertainties are also introduced in the calculated escape flux values of H from 
the absolute calibration applied to the instrument, as well as due to the degeneracy 
between exobase temperature and number density of H at Mars. However, both these 
uncertainties combined together are less than the uncertainty calculated from the presence 
or absence of a superthermal population of H at Mars. As an example, for 30th May 2014 
the maximum uncertainty in the escape flux of H from the instrumental absolute 
calibration and modeling due to the degeneracy between exobase temperature and density 
(one component and two component model) together are ~50%, both of which are lower 
than the ~84% change brought about in the H escape flux value on the introduction of a 
superthermal population to the martian exosphere. 
There is strong observational evidence of a large seasonal variation in H escape 
flux at Mars, independent of whether there is a single component or a two component 
population in its exosphere [Bhattacharyya et al., 2015]. This makes it difficult to 
accurately determine the total reservoir of water harbored by the red planet in the past 
without including seasonal effects. Additional monitoring of the behavior of the martian 
exosphere is required in order to better understand the effect of seasons on the martian 
water loss process.  
6.8 Summary of Remote Observations of the Martian Exosphere 
From the first observation of resonantly scattered Lyman α emissions by the 
martian exosphere obtained by Mariner 6 and 7 spacecraft, an exobase number density of 
3 ± 0.5 × 104 cm-3 was estimated at a temperature of 350 ± 100 K for the H population. 
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These observations were made at a solar longitude (Ls) of ~190° at high solar activity 
(F10.7 ~180), under similar conditions as the HST observation made on 15th September 
2014 which were at Ls = 197° and solar maximum (F10.7 ~144). The best fit single 
component temperature and density from the analysis (Texo = 440 K and nexo = 2.7 ± 0.2 × 
104 cm-3) of the 15th September 2014 observation lies within the range of values 
predicted by the Mariner 6 and 7 data analysis. Modeling of data from the Mars 2 and 3 
probes yielded a temperature of 315 ± 30 K corresponding to a density of 1.85 ± 0.45 × 
104 cm-3. These observations were made at Ls = 302° for high solar activity (F10.7 ~ 180) 
after Mars had crossed its perihelion (Ls = 251°) and was approaching northern 
hemisphere spring equinox (Ls = 360°) [Dostovalov and Chuvakhin, 1973]. The HST 
2007 observations made at Ls = 331°-345° under solar minimum conditions (F10.7 ~70) 
predict a temperature range of 320 – 440 K with corresponding number densities ranging 
from 17000 – 38000 cm-3, including the uncertainty in absolute calibration. The 
disagreement between the temperature and density ranges between HST and the Mars 
probes could be due to the combination of a slight difference in the solar longitude 
positions of Mars for these two observations and to the aftereffects on the atmosphere 
from a major global dust storm in June 2007, which tends to increase the temperature of 
the atmosphere [Smith, 2009]. Data from the Mars 4-7 probes indicated a temperature of 
340 ± 30 K for the exosphere observed at Ls = 14° and low solar activity (F10.7 ~ 60) 
[Babichenko et al., 1977]. This value of the temperature is certainly within the range of 
the Mariner observations, the Mars 2 and 3 probe observations, and the HST observations 
modeled with a single thermal population of H atoms. However, none of the prior 
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analyses involved the consideration of a two-component population of H atoms, which 
would have significant effects on the characteristics of the exosphere. The limited altitude 
range covered by orbiting spacecraft could also hamper the accurate deduction of the 
exospheric characteristics, as discussed earlier.       
Atmospheric drag measurements from the Viking landers and Mars Global 
Surveyor (MGS) indicate much lower exospheric temperatures of 200 – 220 K [Nier and 
McElroy, 1977; Bougher and Keating, 1999]. These agree with temperatures derived 
from airglow measurements of CO2+ Cameron bands and N2 Vegard-Kaplan bands 
[Leblanc et al., 2006, 2007; Bougher et al., 2000]. However, all these measurements are 
of the lower atmosphere made under solar minimum conditions. The large disagreement 
between the measured temperatures of the H and the bulk atmosphere could suggest the 
presence of a two-component H population, with a thermal component dominating the 
lower altitudes of the martian exosphere at a temperature closer to the bulk atmospheric 
temperature and a super-thermal component dominating the higher altitudes at a much 
higher temperature. Measurements of the optically thin Lyman β emission by the Rosetta 
spacecraft yielded a temperature of ~260 K for the exosphere, supporting the idea of a 
thermal population at a lower temperature [Feldman et al., 2011]. The idea of a two 
component population has been exercised for the martian exosphere by Chaufray et al. 
[2008] and Bhattacharyya et al. [2015]. Large seasonal changes affecting the martian 
exosphere were also observed by SPICAM and HST, and these effects could be due in 
part to the changing solar EUV flux at Mars [Clarke et al., 2014; Chaffin et al., 2014; 
Chaufray et al., 2014; Bhattacharyya et al., 2015].  
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 Tracing the history of escape of water from Mars requires a careful analysis of the 
measurements of Lyman α emissions from the exosphere of Mars. The discrepancy 
between earlier observations by various spacecraft and landers could be due to several 
factors, including the likely presence of a superthermal population, seasonal effects, 
uncertainties introduced due to the modeling process, degeneracy between the 
temperature and density variables, constraints due to orbital geometry, etc. Further 
measurements of the influence of these factors on the behavior of the hydrogen exosphere 
at Mars are required in order to accurately determine the true amount of volatile 
inventory lost by Mars over the course of its evolution history. 
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7. MONTE CARLO MODELING OF THE EXOSPHERE OF MARS 
 This chapter details a 3 dimensional numerical Monte Carlo model that has been 
tailored towards studying the characteristics of the neutral hydrogen atoms populating the 
exosphere of Mars. Since the exosphere is assumed to be collisionless, this model is ideal 
for studying the dynamics of the martian exospheric hydrogen atoms. It was first 
developed at the University of Colorado to simulate the exosphere of Io, then modified at 
Boston University to study the lunar exosphere [Wilson et al., 2003] and was later 
adapted to study the escape of sodium atoms from the exosphere of Mercury [Schmidt et 
al., 2012]. We have adapted it further to study the distribution and escape of neutral 
hydrogen from the exosphere of Mars. Several new features were added like simulating 
more than a single Maxwellian population of atoms, non-uniform launch positions for the 
atoms from the exobase of Mars, etc. The model has also been corrected to properly 
simulate a Maxwellian velocity distribution [Brinkmann, 1970; Smith et al., 1978] from 
its earlier versions [Wilson et al., 2003; Schmidt et al., 2012].     
7.1 Numerical Monte Carlo Model 
The kinetic Monte Carlo model described in this section launches particles from 
the exobase of Mars, which is fixed at an altitude of 200 km above the surface, with a 
Maxwell-Boltzmann velocity distribution at an assumed temperature. Using adaptive step 
sizes, the effects of gravity and radiation pressure are then calculated in a fourth order 
Runge-Kutta integration to simulate particle trajectories. The effect of radiation pressure 
acceleration is derived from g-values of Lyman α, numerically calculated at Mars 
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(Section 3.3.3.2). Second order effects such as the Sun’s gravity, charge exchange, photo-
ionization and solar limb darkening are also accounted for in the model.  
7.1.1 The Original Lunar Code and its Adaptation to Mercury 
 The present code for Mars had its origins in a numerical Monte Carlo modeled 
study of the lunar exosphere [Wilson et al., 2003], which was then adapted to study the 
escape of neutral sodium atoms from the exosphere of Mercury [Schmidt et al., 2012]. 
Much of the fundamental architecture from the original code governing the physics of 
collisionless exospheres is intact, but the surface atmospheric interaction physics is 
diminished in the case of Mars as its exobase lies ~200 km above its surface, unlike the 
Moon and Mercury, whose exospheres start at the surface level.   
 The parent lunar model had ~104 test particles, each representing many sodium 
atoms which were launched from random locations on the lunar surface chosen with 
equal probability and in random directions. The particle launch times were also randomly 
distributed over the duration of the simulation. The running time for the code was chosen 
to achieve a steady state between ejection and ionization rates. The particle’s velocities 
were initially chosen at random, and an equation of motion was integrated using a 4th 
order Runge-Kutta algorithm with an adaptive time step taking into account the effects of 
radiation acceleration and gravity on the particles. Radiation pressure was switched off in 
the umbra where atoms are not illuminated. Scattering and radiation pressure are 
calculated using heliocentric velocity vectors and a solar spectrum normalized for 
intensity at 1 AU. The line of sight column density was calculated by collapsing the 3 
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dimensional result into a 2 dimensional image along the vector from the observer (Earth) 
to the target (Moon). The line of sight brightness is calculated based on each particle’s 
incident Doppler-shifted solar flux, the photo-ionization loss, the solar disk visibility and 
the column density along the line of sight. 
 The adaptation to Mercury included the release of ~106 particles from the surface 
at a defined rate from select locations with a specified velocity distribution.  The lunar 
model was implemented in an inertial frame in which one Cartesian axis was centered at 
the Moon and fixed to the sunward direction whereas for the adaptation to Mercury a 
Cartesian coordinate frame with the origin at the solar system barycenter at the J2000 
epoch was used. For Mercury, the Monte Carlo model was adapted to select the ejection 
energy of the particles at random from within a given distribution. The ejection method 
was also modified to allow anisotropic weighting of the ejection angles relative to the 
surface normal. The particles impacting the surface during the simulation would either 
adsorb to the surface or bounce off in a random direction. For photoionization, the model 
was adapted such that the process of photoionization removes a fraction of atoms from 
the simulation at each time step of integration. Several sources of sodium atoms resulting 
from surface interactions with the exosphere of Mercury were added into the model. 
These include thermal evaporation, photon stimulated desorption, ion sputtering, and 
impact vaporization.  
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 7.1.2 Modeling the Exosphere of Mars 
  The model, which was originally designed to work in CGS units, has been 
modified to follow the MKS unit system. The Jet Propulsion Laboratory’s Horizons 
ephemeris system SPICE (http://ssd.jpl.nasa.gov/horizons.cgi), incorporated in the earlier 
versions for the Moon and Mercury, was used for Mars in the model. The frame of 
reference was changed from the solar system barycenter to the center of Mars. The 
Mercury model accounted for bouncing of particles once they encounter the surface of 
Mercury. This feature is no longer used in the adaptation to Mars, as the martian exobase 
is taken to be at an altitude of 200 km from the surface, and once particle trajectories 
cross the exobase they are assumed to have been lost and are no longer tracked by the 
model. The model was also changed to run for hydrogen atoms and calculate the Lyman 
α doublet (1215.668 Å and 1215.674 Å) brightness due to these H atoms, which 
resonantly scatter solar Lyman α photons in place of the sodium atoms at Moon and 
Mercury emitting at 5890 Å and 5896 Å. Further changes were made to the model in 
terms of launch positions of the particles and their launch velocities, which are described 
in detail in section 7.1.2.2 The model has also been modified to have the ability to 
simulate different types of speeds and launch directions for the particles, which has been 
detailed in section 7.1.2.3. Finally, the model has been generalized to simulate multiple 
solar system bodies with a detectable exosphere (section 7.3).  
 In the model 30,000 packets are launched in the beginning of the simulation and 
the total number of particles that has to be simulated in the exosphere determines the 
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number of particles in each packet. The particle trajectories are calculated in the frame of 
Mars using a 4th order Runge-Kutta method with an adaptive time step, which is the same 
method used in the earlier version of the model for Mercury and the Moon [Wilson et al., 
2003; Schmidt thesis, 2013; Press et al., 2007]. The effects of gravity and radiation 
pressure are taken into account while determining the particle trajectories. After the 
model run is complete, the position and velocity vectors of the packets in 3 dimensional 
space around Mars are used to create the final 2 dimensional image, which gives the 
Lyman α brightness of the martian hydrogen on a given day as observed from Earth. 
 7.1.2.1 Calculating the Particle Trajectory in the Model 
   The particle trajectories in the Cartesian coordinate system (x, y, z) are governed 
by the following equations of motion: 
                     !!!!"! =    !  !!"#  !!"#|!!"#|! +   !  !!"#$  !!"#$|!!"#$|! +    !  !  !!"#!  |!!"#|    !!!  !! +   !!!  !!                      (7.1a) 
                     !!!!"! =    !  !!"#  !!"#|!!"#|! +   !  !!"#$  !!"#$|!!"#$|! +    !  !  !!"#!  |!!"#|    !!!  !! +   !!!  !!                     (7.1b) 
                    !!!!"! =    !  !!"#  !!"#|!!"#|! +   !  !!"#$  !!"#$|!!"#$|! +    !  !  !!"#!  |!!"!|    !!!  !! +   !!!  !!                      (7.1c) 
The first term on the right represents the gravitational force acting on the particle due to 
the Sun whereas the second term represents the gravitational force acting on the particle 
from the parent planet (Mars), and the third term represents the force due to radiation 
from the solar photons impacting the particles each second. In the above equations, G 
represents the universal gravitational constant, Msun the mass of the Sun, MMars the mass 
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of the planet Mars, xMars, yMars and zMars the distance of the particle from the center of the 
planet Mars, xSun, ySun and zSun the distance of the particle from the center of the Sun, rMars 
and rSun the magnitude of the radial vector connecting the particle’s position to the center 
of Mars and the Sun, 𝜀 the fraction of the solar disk seen by each particle, h is the 
Planck’s constant, 𝑔!!  and 𝑔!!   are the g values which are the number of solar photons 
scattered by each particle in photons/sec at the two wavelengths of the Lyman α doublet, 
and 𝜆! (1215.668 Å) and 𝜆! (1215.674 Å); are the two wavelengths of the Lyman α 
doublet.   
 7.1.2.2 Determining the Launch Positions of the Particles 
 The particle launch positions on the planet (latitude, longitude) are determined in 
the first step. The original code had the particle positions determined by the surface 
interaction processes at Mercury and the Moon. For Mars, the various ways to launch the 
particles have been determined depending upon the required final density distribution 
function for the particles. The different particle launch position distributions for Mars are 
as follows:   
Uniform Distribution: This type of distribution selects random latitude (-90° and 90°) 
based on the cosine of the latitude (area decreases with cosine of the latitude) and 
longitude (0° and 360°) positions on the surface of Mars to ensure equal probability. This 
results in a uniform density distribution in the exosphere of Mars. Most planetary 
exospheres are modeled assuming a uniform distribution of particles, and this applies to 
Mars. This distribution is the most commonly used one in prior and present studies of 
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Mars. Figure 7.1 below demonstrates the exosphere resulting from a uniform distribution 
of particles around Mars. 
 
Figure 7.1: Monte Carlo model run for a uniform distribution of particles around Mars 
at a temperature of ~154 K. 
 
Sub-Solar Gaussian Distribution: This type of distribution launches the particles in a non-
uniform manner, with more particles being launched from the sub-solar point and fewer 
particles everywhere else by choosing more latitude and longitude positions around the 
sub-solar point. The result is a Gaussian profile of particles with the peak at the sub-solar 
point only on the dayside of Mars, and with a variable standard deviation decided by the 
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user. On the night side the probability is uniform but low in comparison to the dayside. 
Figure 7.2 below demonstrates the exosphere resulting from a sub-solar Gaussian 
distribution of particles around Mars. 
 
Figure 7.2: Monte Carlo model run for a sub-solar Gaussian distribution of particles 
around Mars with a temperature of ~154 K. 
 
 The above non-uniform distribution was developed to explore the asymmetric 
nature of the hydrogen exosphere at Mars.  
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 7.1.2.3 Determining the Launch Velocity of the Particles 
 The velocity vector directions and the launch speed of the particles are determined 
in the next step, after their launch positions from the surface of the planet have been 
determined. In the previous versions of the code, many different velocity distributions 
like Pulsed Speed distribution, thermal distribution, sputtering Wurtz, etc. were used, 
keeping in mind that the exospheres of Mercury and the Moon started from close to the 
surface of the planet and therefore had to take into account surface interactions. None of 
these are necessary for Mars, which has a much thicker atmosphere than those bodies. 
For Mars we have used only two types of speed distributions; the Maxwell-Boltzmann 
Flux distribution and the Step distribution, which are detailed below. 
Maxwell-Boltzmann Flux Distribution: In order to obtain a barometric atmosphere above 
the exobase under ideal conditions, a Maxwell-Boltzmann distribution flux (MBF) of 
particles is a more appropriate method than a Maxwell-Boltzmann velocity distribution 
for the particles. This is because in order to relate the counted density to conditions at the 
exobase, the counted density has to be normalized to what is supposed to be simulated. 
For example, if the monte carlo model time-step is 1 second, the counting of all further 
positions along one particle’s trajectory corresponds to one particle per second at the 
exobase. This normalization is obtained through the flux of the particles at the exobase. 
This does not specify the area, which is a scaling factor relevant to the surface of the 
exobase. The flux at the exobase through an element of area ds is the product of the 
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density and velocity scaled by the cosine of the angle from the vertical. Now the fraction 
of particles having launch angles between a and a+da (solid angle of dΩ) is given by: 
                                                           !!!! = sin 𝑎   cos  (𝑎)                                           (7.2) 
The flux An MBF source produces a Maxwell-Boltzmann velocity distribution in the 
exosphere [Feynman et al., 1963], which holds true even in a collision-free region like 
the exosphere [Chamberlain, 1963]. The normalized flux distribution in this method has 
the following form: 
                                     𝐹 𝑣   𝑑𝑣 =    !!(!  !!  !)!   𝑣!  𝑒! !!! !!!!   𝑑𝑣                               (7.3) 
This equation when integrated over velocity space gives the speeds of the particles 
released with this distribution. Figure 7.4 displays the probability density curve for the 
particles following this speed distribution.  
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Figure 7.4: This figure shows the probability density function for different velocity bins 
for the particles obeying the Maxwell-Boltzmann Flux distribution.  
 
Step Distribution: This type of distribution involves the ejection of particles with 
velocities selected with the same probability within a certain range so that the distribution 
looks like a broad bar or step with a certain interval to it. Figure 7.5 displays the 
probability density curve for the particles following this speed distribution. This type of 
distribution is most useful for a set of model runs in different velocity bins, which can 
then be weighted and summed together to create any desired overall velocity distribution. 
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Figure 7.5: This figure shows the probability density function for different velocity bins 
for the particles obeying the Step distribution. 
 
Once the speed distribution of the particles has been decided, the next step is to 
give each particle a launch direction. They are as follows: 
Isotropic: This type of launch direction selection will allow a uniform isotropic density 
distribution for the particles in the exosphere of Mars. The launch directions in this case 
are distributed with a cos(a) × sin(a) probalility as shown in equation 7.2. This results 
in the launch angle of 45° having the highest probability, and launch angles of 0° and 
90° having the lowest probability, as shown in the plot below. 
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Figure 7.6: Particle launch angle distribution for an isotropic density distribution in 
the exosphere of Mars 
 
Radial: This type of launch direction selection will launch all particles close the normal 
vector to the surface (90°). Therefore their angle from the surface normal will be close 
to 0° as shown in the figure below. 
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Figure 7.7: Particle launch angle distribution in the radial direction.  
Orbital: This type of launch direction selection will launch all particles in a direction 
almost parallel to the surface (0° and 180°). Therefore their angle from the surface 
normal will be close to 90° as shown in the figure below. 
 
Figure 7.8: Particle launch angle distribution in the orbital direction.  
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 Different combinations of launch positions, launch velocity and launch direction 
types can be used to model the exosphere of Mars as appropriate. Qualitative features 
like anti-symmetry of the hydrogen density function, the distribution of the hot 
component around Mars, etc. can be simulated using this model.  
 7.1.2.4 Modeling External Forces at Mars 
 There are several external factors acting upon the exosphere of Mars. These 
include radiation pressure from solar Lyman α photons, photo-ionization, and charge 
exchange processes which strip H atoms from the martian exosphere. All these factors 
have been included in the modeling process. For radiation pressure acceleration, the 
effect of the solar photons on each hydrogen atom has been calculated using the 
relation: 
                                                          𝑎!"# =    !  !!!  !                                                       (7.4) 
In the above equation, 𝑎!"#  is the acceleration experienced by each H atom from 
resonant scattering of solar Lyman α photons, ℎ is Planck’s constant, 𝜆! the wavelength 
of the Lyman α line at line center, 𝑚 the mass of hydrogen atom, and 𝑔 the scattering 
frequency of solar Lyman α photons by hydrogen atoms at Mars. This acceleration is 
added onto the thermal velocity of the atoms tracked by the model in the atmosphere of 
Mars. 
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 For photo-ionization (H + ν → H+ + e), atomic hydrogen has an e-folding lifetime 
of 1.4 × 107 seconds at 1 AU [Ogawa et al., 1995]. The H atoms after photoionization 
can then be swept away by the solar wind magnetic field, thereby contributing to the 
escape of H from Mars. This lifetime adjusted to Mars’ distance from the Sun, has been 
used in the model to steadily decrease the population of H atoms from the modeled 
exosphere of Mars due to photoionization effects. 
 Similarly, for charge exchange with the solar wind (H + H+* → H+ + H*), the e-
folding lifetime of H atom is 2  × 106 seconds at 1 AU [Pryor et al., 2003]. The 
exospheric atoms after charge exchange either gain enough energy to escape the gravity 
of Mars, or can be swept away by the traversing solar magnetic field and are lost from the 
exosphere. The H atoms that exceed the time limit mentioned above after adjustment to 
Mars’ distance from the Sun, are removed during a model run as they are assumed to 
have been lost from the exosphere of Mars. 
 After finishing a model run the final image is displayed in a 1000 × 1000 pixel 
image. The plate scale of this image can be adjusted by the user, and the viewpoint of the 
observer is always considered to be located at Earth in this version of the model. 
 7.1.2.5 Validating the Monte-Carlo Model 
 The Monte-Carlo model has been validated by comparing the result with a 
Chamberlain model output for a symmetric exosphere with particles obeying the 
Maxwell-Boltzmann velocity distribution at an exobase temperature of ~154 K and an 
exobase density of 1.1 × 105 cm-3. For this validation process, the Monte-Carlo model 
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was set to have a uniform distribution for particle locations, with the particles obeying the 
Maxwell-Boltzmann flux distribution along with cos(a) x sin(a) launch direction 
distribution for the particles, to ensure the flux normalization to an isotropic velocity 
distribution. A comparison of the two outputs from running the Monte Carlo model and 
the Chamberlain model for Mars is presented in Figure 7.9 below. As is evident from the 
figure below, the two models compare well with each other, which validates the physics 
and programming in the numerical Monte Carlo model.  
 
Figure 7.9: Comparison between the Chamberlain model without satellite particles and 
the Monte Carlo model output for a uniform density distribution with a Maxwell-
Boltzmann velocity for the particles at T =154 K. 
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7.2 Studying the Exosphere of Mars using the Monte Carlo Model 
Previous analysis of the martian hydrogen corona (Chapters 4, 5, and 6) through 
modeling of HST images with a radiative transfer model revealed aspects like the 
possible presence of a superthermal population and its variation with seasons, the 
velocity distribution of the H atoms being the sum of two or more maxwellian 
distributions, and the asymmetry in the distribution of H atoms below ~2.5 martian radii. 
These aspects can be studied using the Monte Carlo model, and this work is planned for 
the future.  
7.2.1 Velocity Distribution of H atoms Along a Line of Sight 
The Monte Carlo model can be used to derive the velocity distribution of H atoms 
along any line of sight. Since the model accounts for several external forces on the 
hydrogen atoms in the exosphere of Mars, like radiation pressure, photoionization, and 
charge exchange, as well as second order effects from Sun’s gravity and solar limb 
darkening, the final distribution is different from an analytically derived distribution. The 
model can also take into account two different populations, each with its own 
characteristics, in terms of launch position, launch velocity, and launch direction. In 
Chapter 5 it was concluded that there could be a superthermal population of hydrogen 
atoms present in the exosphere of Mars. Therefore the line of sight velocity distribution 
from multiple populations can be studied using this model. Figure 7.10a shows the line of 
sight velocity distribution for a single thermal population (~154 K) and a two-population 
run with a thermal (~154 K) and a superthermal population (800 K). For this figure, the 
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line of sight vector is parallel to the Sun-Mars line and passes through the exosphere of 
Mars at a tangential altitude of 3700 km from the surface of Mars. For the 154 K model 
run, the exobase number density for H was taken to be 1.1 × 105 cm-3. For the two 
component model run, the total number density at the exobase was kept at 1.1 × 105 cm-3 
out of which 23% is the hot population at 800 K and the rest 77% is the thermal 
population at 154 K. Both the above model runs was for uniform distribution of particle 
location combined with a Maxwell-Boltzmann flux distribution along with a cos(a) x 
sin(a) launch directions for the particles, to ensure the flux normalization to an isotropic 
velocity distribution. It can be seen that the 154 K distribution has fewer particles in the 
high velocity bins, whereas the combination population (154K + 800 K) has more 
particles in the higher energy bins.  
Figure 7.10b shows the variation of velocity distribution with altitude. From the 
figure it is also evident that the velocity distribution becomes narrower with increasing 
altitude. For this figure, the Monte Carlo model run was for a uniform distribution of 
particle locations along with a Maxwell-Boltzmann flux distribution for the particles that 
were launched isotropically into the martian exosphere from the exobase. The mean 
temperature of the velocity distribution was taken to be 154 K with an exobase density of 
1.1 × 105 cm-3. 
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Figure 7.10a: Comparison of line of sight velocity distribution from two different 
Monte Carlo model runs; one with a single thermal population at 154 K and the second 
with a thermal component at 154 K and a superthermal component at 800 K.  
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Figure 7.10b: Comparison of line of sight velocity distribution along different tangent 
altitudes for a single Monte Carlo model run with a thermal population at 154 K. 
 
There is another measurement capability on MAVEN that can provide 
complementary information about the distribution of hydrogen in the martian exosphere. 
The MAVEN-EUVM instrument measures the solar Lyman α flux including the 
extinction of light after passing through the exosphere of Mars. This can be used to derive 
exobase densities and temperatures for the hydrogen atoms present in the exosphere of 
Mars. In order to model the transmission spectrum, the line of sight velocity distribution 
of H atoms is required. Therefore outputs from the Monte-Carlo model are being used to 
model the MAVEN-EUVM data in an effort to constrain some of the properties of the 
martian exosphere.  
	  	  	  
219	  
	  
Since the MAVEN-EUVM instrument looks at the transmitted Lyman α flux, the 
information that can be derived by studying this data is different than the HST data, 
which measured the resonantly scattered Lyman α photons by H atoms in the martian 
exosphere. By looking at the transmitted spectrum profile with altitude, it would be 
possible to determine the equivalent width W of the absorption of a column N of H 
atoms. This determination of the equivalent width requires the line of sight optical depth 
as a function of velocity to be modeled. One advantage of this method is that it is 
independent of the absolute calibration of the instrument and would therefore provide an 
independent measurement of one of the free parameters i.e., number density at the 
exobase for H atoms making it possible to break the degeneracy as discussed in Chapter 
6. This information cannot be obtained from measurements of the emission spectra as 
done by HST. 
7.2.2 Latitudinal Asymmetry of the Martian Exosphere 
The latitudinal asymmetry of the martian exosphere can be examined in detail 
using the Monte-Carlo model. The various options to change launch positions and 
directions of the particles will enable this study.  
The thermal population of hydrogen atoms originates from the collisionally 
dominated lower atmosphere. It is likely that this cold population of exospheric hydrogen 
is in thermal equilibrium with the lower atmosphere. However, since the superthermal 
hydrogen atoms are created by non-thermal processes like charge exchange with the solar 
wind, photoionization, dissociative recombination, etc. they are more likely to occur on 
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the dayside of the planet around the sub-solar point. The latitudinal asymmetry studied in 
Chapter 6 indicates that the radiative transfer model (which assumes an uniform isotropic 
atmosphere) over-predicts the densities near the poles and on the night side of Mars. 
 Temperatures at the exobase predicted by MGCM model results indicate 
differences of 100 - 300 K between the day and night side depending on the solar activity 
and the position of Mars around the Sun [Bougher et al., 2015b]. Asymmetry in the 
distribution of hydrogen atoms can also be due to the temperature difference between the 
day and night side of the planet. This characteristic can also be explored by the Monte 
Carlo model through selective launching of particles at different temperatures. The 
derived number density distribution that will be non-uniform in the radial, theta, and phi 
coordinates can then be taken as an input for the radiative transfer model, which has 
provisions for dealing with a non-uniform distribution. This study is currently listed as a 
future project in Chapter 8. 
7.3 Generalization of the Monte Carlo Model for Planetary Exospheres   
The Monte Carlo model to study exospheres has been generalized to some extent 
to study exospheres of other planetary bodies. Provisions have been made to derive 
intensities from other species like sodium (which was already present in the Lunar and 
Mercury versions of the model), hydrogen (used for Mars), oxygen, and sulfur. High-
resolution solar spectra for these wavelengths have been derived from the Bass2000 solar 
survey (http://bass2000.obspm.fr). The model can also be used to study the satellites of 
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giant planets like Titan, Europa, Ganymede, etc., and the model accounts for secondary 
gravitational effects from the parent planets of these satellites.  
Most of the basic physics related to planetary exospheres is accounted for within 
the model. However, body specific processes like meteorite impact, sputtering, etc. which 
are active in the case of bodies like Mercury and the Moon have to be coded in by the 
user. Currently the model is set up for studying only solar system bodies. However, it 
could be easily modified to study the upper atmospheric dynamics of exoplanets. This 
model is useful in studying the dynamics of exospheres of planetary bodies and the 
escape of atmospheric species which is important to accurately map out the evolution 
history of the body.   
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8. SUMMARY AND FUTURE WORK 
 In this thesis the hydrogen exosphere of Mars is studied using HST far-ultraviolet 
images which are modeled using a radiative transfer model in combination with a 
Chamberlain exosphere [Chamberlain, 1963] without satellite particles. This study of the 
martian exosphere was conducted in order to constrain the characteristics of the hydrogen 
atoms populating this uppermost layer of the martian atmosphere. 
 8.1 Summary of Thesis 
 Chapter 1 provides an introduction to the two different types of exospheres, i.e., 
planetary bodies with extremely tenuous atmospheres (basically surface-bound 
exospheres) and planetary bodies with collisionally thick lower atmospheres. Since gases 
are escaping continuously from the exospheres of planetary bodies, this chapter also 
summarizes all the important mechanisms for atmospheric escape, thereby setting the 
ground for the importance of studying the escape of hydrogen from the exosphere of 
Mars. The description of the martian exosphere and its characteristics in this chapter 
reveals that hydrogen escape from Mars is directly related to the water lost from it. A 
brief review of the previous missions to Mars highlights the geologic evidence for a 
warmer, wetter Mars with a thicker atmosphere earlier in its history. There is also ample 
evidence of atmospheric escape in the isotope ratios for different elements found at Mars, 
including the elevated D/H ratio in comparison to the ratio at Earth [Webster et al., 2013; 
Bertaux and Montmessin, 2001; Villanueva et al., 2015]. Therefore studying the 
exosphere of Mars and providing constraints on the escape flux of hydrogen from Mars 
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can help to determine the total amount of water lost from the planet during its evolution, 
which is the motivation for this thesis. 
 Hydrogen atoms in the exosphere of Mars resonantly scatter solar Lyman α 
radiation (1215.67 Å) in the far-ultraviolet (FUV) part of the electromagnetic spectrum. 
Chapter 2 provides a description of the Hubble Space Telescope and the instrument used 
to image Mars in the FUV. Since HST orbits, it is able to image Mars in UV 
wavelengths, which would otherwise not be possible using ground-based telescopes, as 
the shorter wavelengths are unable to penetrate Earth’s upper atmosphere. While imaging 
Mars in the UV, there is a background contribution from the Earth’s hydrogen exosphere 
as well as from the hydrogen atoms present in the inter-planetary medium. This chapter 
also provides a description of the Mars observations and the reduction procedures 
involved in obtaining the final image of Mars in Lyman α without background 
contamination, which can then be used in the analysis process to determine the 
characteristics of the martian exosphere. 
   The hydrogen exosphere of Mars is optically thick for resonant scattering of 
solar Lyman α [Anderson and Hord, 1971]. Therefore the HST data are modeled using a 
radiative transfer model constructed based on the technique of Chaufray et al. [2008]. 
This model accounts for multiple scattering in the exosphere of Mars to properly simulate 
the brightness of the martian exosphere. Chapter 3 describes the theory behind the 
radiative transfer model. Since there are no in situ measurements of the hydrogen density 
distribution in the exosphere of Mars, the density distribution for H atoms at Mars is 
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modeled using a Chamberlain model without satellite particles above the exobase (200 
km – 50,000 km), where there are no collisions between the atoms. The model uses a 
simple diffusion model [Chaufray et al., 2008] for the atmospheric density with altitude 
below the exobase (120 km – 200 km). This combined model atmosphere serves as an 
input into the radiative transfer model. There are two free parameters in the entire 
modeling process; the exobase density and the exobase temperature of hydrogen. Using 
these two parameters the Jeans escape flux of hydrogen atoms from the exosphere of 
Mars can be calculated. The output of the model is in the form of a 2000 × 2000 pixel 
image, same as the HST observations, which is then convolved with the instrumental PSF 
and compared with the data. 
 The transport of hydrogen from the lower atmosphere into the exosphere is a 
diffusion-limited process [McElroy and Hunten, 1970; Hunten, 1973]. Coupled with the 
aeronomic model of H in the thermosphere of Krasnopolsky [2002] assuming a constant 
mixing ratio of H2 at the homopause, there should not be any short-term changes 
expected from the exosphere of Mars. However, HST observations of Mars obtained 
during October-November 2007 indicated a ~ 40% decrease in the exospheric Lyman α 
brightness within a period of ~ 4 weeks, with no corresponding change in solar activity 
noted, as it was close to solar minimum in the cycle [Clarke et al., 2009b; 2014]. This 
decreasing trend was also observed by the SPICAM instrument on Mars Express over a 
period of ~ 6 months (July 2007 – January 2008) and revealed an order of magnitude 
change in hydrogen escape flux from Mars [Chaffin et al., 2014]. This discovery called 
into question the theoretical prediction of a martian exosphere whose H abundance is 
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limited by the slow diffusion of H2 through the lower atmosphere. Chapter 4 of this thesis 
presents an analysis of the 2007 HST data and attempts to explain this unexpected 
behavior exhibited by the martian exosphere. One proposed explanation is the presence 
of unexpectedly high levels of water vapor at high altitudes, as observed by Mars Express 
[Maltagliati et al., 2011, 2013; Fedorova et al., 2006, 2009], which could allow the 
bypassing of the process which implies passage of H atoms through H2 molecules and 
slow diffusion upwards. It could lead to short-term changes in the martian exosphere. 
Two explanations proposed for transporting water vapor to high altitudes includes a) 
seasonal effects or b) after-effects of a dust storm at Mars. During October-November 
2007 Mars was moving away from the Sun in its orbit, travelling from solar longitudes 
331°- 345°, which could reduce the supply of water vapor in the upper atmosphere of 
Mars due to surface condensation and less water vapor due to the decreasing temperature. 
There was also a global dust storm that engulfed the entire planet during June 2007. 
Atmospheric turbulence resulting from the dust storm could also have lifted water vapor 
to high altitudes, then steadily decrease with time as the after-effects of the dust storm 
diminished.  This chapter concludes without any final decision on whether it was dust or 
seasons that caused the unexpected short-term changes exhibited by the martian 
exosphere in the later half of 2007.  
Chapter 5 describes more observations of Mars obtained during 2014 in order to 
distinguish between seasonal effects and the effect of dust storm activity on the 
exosphere of Mars. Data obtained during this observational run clearly showed a steady 
increase in the martian exospheric Lyman α brightness as Mars moved towards the Sun in 
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its orbit from a solar longitude position of 138° to 232° [Bhattacharyya et al., 2015]. 
During this time there was not much change in solar activity, even though it was close to 
solar maximum, and there were no major dust storms reported at Mars 
(http://themis.mars.asu.edu/dust_maps). Modeling of this data using the radiative transfer 
model assuming a single thermal component of hydrogen in the exosphere of Mars 
following a Maxwell-Boltzmann velocity distribution revealed temperatures around 400 
K at the exobase. Such temperatures are too high in comparison to the other measured 
values for the martian exospheric temperature [Feldman et al., 2011; Leblanc et al., 
2007] and are not supported by the energy balance of the upper atmosphere as found in 
Mars Global Circulation Models [Bougher et al., 1999, 2009, 2015b; Chaufray et al., 
2015]. Therefore a two-component scenario was introduced into the modeling process, 
with a cold thermal component at the temperature of the bulk atmosphere and a hot 
superthermal component assumed to have been created via non-thermal processes in the 
exosphere of Mars [Bhattacharyya et al., 2015]. The possible presence of a superthermal 
component increased the escape flux by ~80% for the observations. Also the escape flux 
was found to vary seasonally, and increased by a factor of ~5.4 between the first (Ls = 
138°) and last (Ls = 232°) observations in 2014. This observed increase is much greater 
than the increase of a factor of ~2.1 predicted by Mars global circulation models 
[Chaufray et al., 2015]. 
 Even though the seasonal change in the hydrogen exosphere of Mars has been 
fairly well established, there are still large uncertainties in determining the characteristic 
temperature and number density and thereby the hydrogen escape flux from the martian 
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exosphere. Chapter 6 presents a discussion of some of the factors contributing to the 
uncertainties in determining the H escape flux. The first source of uncertainty is due to 
the degeneracy between exobase temperature and density from the radiative transfer 
model for atomic hydrogen at Mars. This led to the conclusion that it would not be 
possible to accurately determine the exact temperature and/or density of atomic H using 
the radiative transfer model without an independent determination of at least one of the 
parameters. Added uncertainties enter in determining the characteristics of the hydrogen 
population from the instrument absolute sensitivity calibration. However, with HST this 
value is better constrained (10%) than other instruments. Assumptions of the inherent 
characteristics of the martian exosphere like uniform density, latitudinal symmetry, 
isothermal conditions both in the day and night sector, and a single thermal population of 
H atoms in the exosphere obeying a Maxwell-Boltzmann velocity distribution also 
contribute added uncertainties through the modeling process. A study of the latitudinal 
symmetry for the martian exosphere reveals that it is mostly symmetric above ~2.5 
martian radii, as the H atoms occupying these altitudes originate from different latitudes 
and local times on the planet. Below 2.5 martian radii, the exosphere is asymmetric, with 
the model over-predicting densities by a larger amount away from the sub-solar region. 
Chapter 6 also highlights the advantages of HST and other remote observing platforms 
for determining the properties of the martian exosphere. The many spacecraft that orbit 
Mars are embedded within the exosphere, and can measure only a limited range in 
altitude. Therefore they are unable to detect the shape of the martian exospheric Lyman α 
brightness profile at large distances, which are populated by the fastest H atoms at the 
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exobase level. Modeling these profiles might not capture the entire range of uncertainties 
in temperature and density, and therefore requires careful interpretation of the data. 
Finally, even though there are a lot of factors contributing towards uncertainty in density 
and temperature of the hydrogen population in the martian exosphere, the biggest 
contribution to the overall uncertainty is whether there is a superthermal population of H 
or not. The presence of this population greatly enhances the H escape flux from Mars 
when compared to the calculated escape flux assuming a single thermal population of H. 
 Chapter 7 describes a numerical Monte Carlo model that was first adapted at 
Boston University to study the lunar exosphere, and was later adapted to study the 
exosphere of Mercury. This model was further adapted to study the dynamics of the 
hydrogen atoms present in the exosphere of Mars. Several features built into the model 
like uniform or asymmetric distribution of launch positions, different velocity 
distributions for the particles, as well as different launch directions would be useful in 
studying the characteristics of the martian exosphere. Characteristics like the presence of 
two populations of H atoms, their density distribution in the exosphere, line of sight 
velocity distribution, etc. can be studied using the Monte Carlo model. In future work this 
will provide more insight into the characteristics of the hydrogen population in the 
exosphere of Mars. 
 Even though there has been some progress made towards characterizing the 
martian exosphere through this thesis, more questions have emerged. Questions like:  
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• Is there a superthermal population of H present at Mars and what are the non-
thermal processes that give rise to such a population?  
• How does the Jeans escape flux vary with solar activity across seasons or major 
dust storms?  
• What is the total amount of water lost by Mars if this loss has not been a 
constant process?  
All these questions require further exploration of Mars. Ongoing missions like NASA’s 
MAVEN mission, ESA’s Mars Express mission, and ISRO’s MOM mission are currently 
gathering data, and further observations with HST are possible, that will help answer 
some of these questions in the near future.    
 8.2 Future Work 
 There are numerous applications for the radiative transfer model in terms of 
studying the hydrogen exospheres of other objects, like Venus, Earth, and Titan using 
data from HST as well as spacecraft like Venus Express, Earth-Orbiting satellites and the 
Cassini mission for Titan. For Mars, data from the currently ongoing MAVEN, MEX and 
MOM missions can be used to further discover the effect of seasonal changes, changes 
introduced from major dust storms at Mars, and other intrinsic atmospheric processes on 
the martian exosphere. Examining the properties of the exosphere of different planetary 
objects would allow a better understanding of the thermal and non-thermal processes that 
are active at each body, with their own unique set of intrinsic characteristics. 
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 8.2.1 Mars 
 There are several questions about the martian hydrogen exosphere that are still 
unanswered. Questions include the nature and characteristics of a superthermal 
population of hydrogen and the non-thermal processes producing it, seasonal variability 
of the hydrogen exosphere and the effect of dust storms on it, escape of water from Mars, 
and many more. Currently the MAVEN mission is actively gathering data on the 
atmosphere of Mars, and one of the goals of this mission is to characterize the 
atmospheric loss processes at Mars. The Imaging Ultraviolet Spectrograph (IUVS) 
onboard MAVEN is one among many instruments, which is imaging the ultraviolet 
emissions from the martian hydrogen exosphere. It also has an Echelle spectrograph 
onboard to measure the Deuterium to Hydrogen (D/H) ratio at Mars. Due to the 
difference in mass between D and H, the lighter H is expected to escape faster from the 
atmosphere, thereby increasing the D/H ratio when compared to Earth. It is believed that 
the present D/H ratio in the oceans on the Earth is the same as at the time of its origin, 
because the same ratio is found in most meteorites from which they were believed to 
have originated for the Earth. At present H escape rate of 2 × 108 atoms/cm2/s [Bertaux, 
PhD thesis, 1972], it represents only a minor loss of 1 meter liquid water per billion 
years. Currently we are using the radiative transfer model to model the D and H 
emissions from the exosphere of Mars, which is providing an insight into the water loss 
history from the red planet. Continuous observations of the martian atmosphere over 
different seasons will also provide insight into the seasonal changes that affect the 
exosphere of Mars.  
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 The MAVEN-EUVM instrument, originally designed to characterize the solar 
EUV emissions at Mars, is also being used to study the characteristics of Mars’ upper 
atmosphere by modeling the hydrogen transmission spectrum observed by the instrument. 
We are currently using the Monte Carlo model to generate line of sight velocity 
distributions in order to help interpret the data.  
 8.2.2 Venus 
 The planet Venus also has an expansive hydrogen exosphere, first discovered by 
the Mariner 5 US mission and the Venera 4 soviet mission [Barth et al., 1967; Kurt et al., 
1968; Wallace, 1969; Anderson, 1976]. Atomic hydrogen at Venus is mostly produced 
by chemical reactions involving hydrogen-bearing molecules like HCl, HF, H2O, HDO, 
or OH [Bertaux et al., 2007; Krasnopolsky, 2008; Piccioni et al, 2008]. These species 
play an important role in the mesosphere-thermosphere region of Venus thereby making 
atomic hydrogen at Venus an effective tracer of its thermospheric activity [Yung and 
Demore, 1982; Bougher et al., 2006]. A two-component population consisting of thermal 
and superthermal hydrogen atoms has also been discovered at Venus [Anderson, 1976]. 
There are several aspects of the Venusian hydrogen exosphere that are still poorly 
understood, like the non-thermal processes involved in the production of the superthermal 
component of H at Venus, seasonal variation of the hydrogen escape flux, etc. Therefore 
studying the hydrogen exosphere of Venus will allow a better understanding of the 
thermospheric processes involved, as well as provide constraints on the various thermal 
and non-thermal processes active in the exosphere of Venus. This will also help 
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understand the exosphere of other bodies like Mars, which also does not have a global 
magnetic field but has a much thinner atmosphere and much larger seasonal change.  
 We plan on using the radiative transfer model to study the Venusian exosphere 
using data obtained by HST and compare our results with data from other missions like 
Venus Express. HST, as discussed in Chapter 6 of this thesis, has a unique advantage of 
providing a wider field of view for the Venusian exosphere as opposed to spacecraft in 
orbit around Venus. 
 8.2.3 Titan 
 Titan’s neutral upper atmosphere contains atomic H along with other species like 
CH4, N2, and H2 [Waite et al., 2004; De La Haye et al., 2007; Cui et al., 2009; Magee et 
al., 2009]. Certain theoretical models of Cassini INMS data have indicated that the 
exosphere of Titan is hydrodynamically escaping into space [Fulchignoni et al., 2005; 
Yelle et al., 2006], whereas others have indicated that the high escape flux detected in the 
Cassini INMS data can be explained through the presence of non-Maxwellian 
populations [Tucker and Johnson, 2009; Cui et al., 2008]. An analysis of the Lyman α 
emission from Titan’s exosphere could provide insight into the problem of escape, as the 
temperature of hydrogen at Titan is believed to be close to the temperature at which 
diffusion-limited hydrodynamic escape takes place. 
 We plan to use HST data of Titan obtained in January-February 2009 to model the 
exosphere of Titan optically thick hydrogen exosphere of Titan using the radiative 
transfer model, which will be been modified for the conditions at Titan.    
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 8.2.4 Earth 
 The Earth also has a highly expansive hydrogen exosphere, expanding up to ~16 
Earth radii as measured by the Mariner 5 spacecraft [Wallace et al., 1970]. This hydrogen 
layer also resonantly scatters solar Lyman α photons and is optically thick at this 
wavelength. Observations of this emission around Earth using the OGO-4 spacecraft 
from July 1967 to January 1969 indicated asymmetries in the distribution of hydrogen in 
the exosphere of Earth [Meier and Mange, 1970]. Indications were also found of 
unexpected high densities of hydrogen atoms in the night side of Earth [Donahue, 1962; 
Donahue and Thomas, 1963; Thomas, 1963]. A ‘geotail’ effect with hydrogen atoms 
sweeping away in the anti-solar direction due to radiation pressure was observed at Earth 
[Carruthers et al., 1972; Thomas and Bohlin, 1972; Zoennchen et al., 2010]. Models also 
indicate a quasi-Maxwellian distribution for the H atoms, indicating the presence of a 
superthermal component [Bishop, 1985]. Studying the characteristics of this layer would 
provide constraints on the various thermal and non-thermal processes that are active at 
the Earth, and provide insight on how they differ from planetary bodies without global 
magnetic fields like Venus and Mars. The radiative transfer model described in this thesis 
can be used to analyze various existing datasets in order to study the characteristics of the 
hydrogen exosphere of Earth.  
 The radiative transfer model and the Monte Carlo model can be used together to 
study and interpret the characteristics of exospheres of various solar system bodies and 
constrain the different thermal and non-thermal processes that are active in that part of 
the atmosphere. It is only when we understand the dynamics governing the escape of 
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atmospheres from various solar system bodies, that we will be able to apply this 
knowledge towards gaining insight into the different exoplanet systems, each governed 
by their own vastly different characteristics.   
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